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Background 



Silverbrook's bilithic Memjet™ printheads are the target printheads for printing systems 
which will be controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the 
their possible arrangements in the target systems. It also defines a set of terms used to dif- 
ferentiate between the types of printheads and the systems which use them. 



Currently, this document is only concerned with the structure of the printheads and their 
systems, with regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [1] for the complete description of the func- 
tionality of these devices. 

This document relies on certain definitions and details presented in Bilithic Printhead 
Specification [1]. 



It is intended that this document be used as a reference for engineers involved in the 
design work on the SoPEC and MoPEC projects. 



1.1 



Companion Documents 



1.2 



Readership 
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Bilithic Printhead 
Configurations 
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2 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead 
systems. These terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead used in a 
system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with 
the printhead shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left 
or the right of K +# where K + is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement 

has to use a specific pairing of printheads, as discussed in Section 3. This gives 4 
pairs of printheads. However, because the paper can flow in either direction with 
respect to the printheads, there are a total of eight possible arrangements, e.g. 
Arrangement I has a Type 0 printhead on the left with respect to the paper flow, and 
a Type 1 printhead on the right. Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Color 0 is always the first color plane encountered by the paper. 

• Dot Q is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are pre- 
sented, the printheads always shoot ink down onto the page. 

Figure 1 shows the 8 different possible printhead types. Type 0 is identical to the Right 
Printhead presented in Figure 3 in [1], and Type 1 is the same as the Left Printhead as 
defined in [1]. 



Confidential 



October 21, 2002 



4 



Silverbrook Research 



SoPEC/MoPEC Bilithic Printhead Reference 



4-4-1-6-v1.0draft 



While the printheads shown in Figure I look to be of equal width (having the same number 
of nozzles) it is important to remember that in a typical system, a pair of unequal sized 
printheads may be used 



oo o 



Color 



o o & & 



O O O 



Type 0 printhead 



Color n 



o oo 



Type 1 printhead 



Q«D Q 



Color n 



-e-e- 



Type 2 printhead 




Color n 



o o o 



O OK) 



Type 3 printhead 



Color n 



QO Q 



Type 4 printhead 



o o f> 1 1 q q o 

OOP I & Q Q 



O o»o 



Color n 



Q O G N- 



Type 5 printhead 



*Q Q O 



Color n 



OO o 




Color n 



o o»o 



TVpe 6 printhead Type 7 printhead 

Figure 1. Printhead Types 0 to 7 

Table 1 defines the printhead pairing and location of the each printhead type, with respect 
to the flow of paper, for the 8 possible arrangements. 

Table 1, Definition of the different printhead arrangements 
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3 Bilithic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the 
physical footprint of the printheads mean that we must use a specific pairing of printheads 
together for printing on the same side of an A4 (or wider) page, e.g. we must always use a 
Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of print- 
heads, this document only presents two of them, Arrangement 1 and Arrangement 2, for 
purposes of illustration. These two arrangements are discussed in subsequent sections of 
this document. However, the other 6 possibilities also need to be considered. 

The main difference between the two printhead arrangements discussed in this document 
is the direction of the paper flow. Because of this, the dot data has to be loaded differently 
in Arrangement 1 compared to Arrangement 2, in order to render the page correctly. 
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3.1 Example 1 : Printhead Arrangement 1 



Figure 2 shows an Arrangement 1 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. Direction 
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Figure 2. Identification of printheads nozzles and shift-register sequences for 
printheads in Arrangement 1 
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Table 2 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color 0-dot 0 appears on the left side of the printed page. 

Table 2. Order in which the even and odd dots are loaded for printhead Arrangement 
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Figure 3 shows how the dot data is demultiplexed within the printheads. 
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Figure 3. Demultiplexing of data within the printheads in Arrangement 1 

Figure 4 and Figure 5 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 1, to ensure that color 0-dot 0 appears on the left side of the printed 
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Figure 4. Signalling for a Type 0 printhead in Arrangement 1 
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Figure 5. Signalling for a Type 1 printhead In Arrangement 1 
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3.2 Example 2: Printhead Arrangement 2 

Figure 6 shows an Arrangement 2 printing setup, where the bilithic printheads are 
arranged as follows: 

• The Type I printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 



The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 6. Identification of printheads nozzles and shift-register sequences for 
printheads in Arrangement 2 
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Table 3 lists the order in which the dot data needs to be loaded into the above printhead 
system, to ensure color O-dot 0 appears on the left side of the printed page. 

Table 3. Order In which the even and odd dots are loaded for printhead Arrangement 
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Figure 7 shows how the dot data is demultiplexed within the printheads. 
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Figure 7. Demultiplexing of data wfthin the printheads In Arrangement 2 

Figure 8 and Figure 9 show the way in which the dot data needs to be loaded into the print- 
heads in Arrangement 2, to ensure that color O-dot 0 appears on the left side of the printed 
page. 

Figure 8. Signalling for a Type 0 printhead in Arrangement 2 
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Figure 9. Signalling for a Type 1 printhead in Arrangement 2 
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3.3 



Conclusions 



Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 
2, it can be seen that the color/dot sequence output for a printhead type in Arrangement 1 
is the reverse of the sequence for same printhead in Arrangement 2 in terms of the order in 
which the color plane data is output, as well as whether even or odd data is output first. 
However, the order within a color plane remains the same, i.e. odd descending, even 
ascending. 

From Figure 10 and Table 4, it can be seen that the plane which has to be loaded first (i.e. 
even or odd) depends on the arrangement. Also, the order in which the dots have to be 
loaded (e.g. even ascending or descending etc.) is dependent on the arrangement. 

If the device controlling the printheads can re-order the bits according to the following cri- 
teria, then it should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first 

• Be able to output even and odd planes in cither ascending or descending order, inde- 
pendently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to 
the printhead. 



v* Arrangement 1 

Be 




v Arrangement 3 



21 



1 1 



Paper 



^ Arrangement 5 ^ 




v* Arrangement 7 



1± 



Paper 



Arrangement 2 




Arrangement 4 




~* F 

Arrangement 8 




Figure 10. All 8 Printhead Arrangements 
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Table 4. Order in which even and odd dots and planes are loaded into the various 
printhead arrangements 
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Bi-lithic Printhead Specification 



1.0 Basic Requirements 



by "Stitching" reticle images. 

mem*, «*. Have a k^^mr^"^ 

ket as 1600 dpi. 

The firstnozzle of the right chip should ^^^^X^ 
nozzle of the left chip for the same color row. There is no inK no 
same colour) scheme employed. 

1.1 Power Supply 

Vdd/VposandGroundsupplyismade^ 

olertL length of the chips, but this will be revisited). 
1.2 MEMS cells 

, • • c isftnTofenerev to fire, with a pulse of current for 

during this pulse. 
1.2.1 ISSUE!!! 

s^sje:^- *.«— ... 

time. That is about 8 Amperes if all nozzle tire. 

^ is 8 Amperes is for on,, 1 eolouri .6A • o eoloors - 96 A for .11 edours. 
ours at the time are required, to create map any c v c f InfraRed ink, 
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1.2.2 64um unit cell height 

This cell would have 4 line spacing 
between adjacent colours. 



between the odd and even dots, and 8 line spacing 



1 2*3 80 um unit cell height 

ThiS ce Uw o uU have 51i nespac i n B ~*«oddandev ra do B ,an d 10 1 i n cs P ac tag 
between adjacent colours. 

1.3 Versions 

1.3.1 6 Colour 1600 dpi with 64 um unit cell 



Left and Right Chip. This version 



will not be prototyped. 



1.3.2 6 Colour 160Q dpi with 80 um unit cell 

Left and Right Chip. 

1.3.3 4 Colour 800 dpi with 80 um unit cell 

For camera application. Single nozzle row per colour. 
This version will not be prototyped. 

1.4 Air Supply 

AirmustbesuppliedtotheMEMSregion through holes in the chip. 

2.0 Head Sizes 

tabit i. Head Combinations 




! , i * „ /Y«ctitrh Parts" -n*118+l04)*12. Nozzles per row 

wafer layout, manages to avoid this set, without any loses. 



3.0 Interface 



TABLE 2. I/O pins 
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Speed I 
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0 - Capture dot data for next print line 
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I functionally ^^^^^ ^^^^^ 
b. 300 MHz clock, so edges are 600 Mhz rate 

c 1 MHz cycle, but the resolution of the mark/space ra»o may reqmre 50 ns. 
4 10 kHz cycle, with minimum low pulse of 10 ns (no maximum), 
controller (SOPEC). 
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3.1 Dot firing 

To to a «*. three signais are need. A ft* da*, a 0. signa,. and a proflie. When a., 
signals are high, the nozzle will fire. 



FIGURE 1. Print head structure 
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FIGURE 2. Column Structure 
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FIGURE 4. Data Timing Daring Printing 
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FIGURE 5. Print quality 
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To achieve this fire pattern the fire shift register and select shift register need to 
be set up as show in Figure 6. 



FIGURE 6. Fire and Select Shift Register setup for printing 



1 fire shift 

rogister 



.0000000 0001111111 1110000000 0001111111 111 select shift reg 



The pattern has shifted a 4 1' into the fire shift register every n th positions (where n is 
usually is a minimum of about 100) and n * l's, followed n 'O's in the select shift 
register. At a start of a print cycle, these patterns need to be aligned as above, with the 
"1000..." of a forward half of fire shift register, matching an n grouping of T or 
*0's in the select shift register. As well, with the "1000..." of a reverse half of the 
fire shift register, matching an n grouping of T or '0's in the select shift regis- 
ter. And to continue this print pattern across the butt ends of the chips, the select 
shift register in each should end with a complete block of n € Vs (or *0's). 

FIGURE 7. Fire Pattern across butt end of Print Chips 
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Since the two chips can be of different lengths, it makes initialisation of these pattern 
difficult. This is solved by building initialisation circuitry into chips. This circuit is 
controlled by to registers, nlen(14) and count(14) and b(1). These registers are 
loaded serially through DatafO], while LSyncL is low, and ReadL is high with FrClk. 



FIGURE 8. Fire Pattern Generation 




The scan order from input is b, n[13-0],c[0-13], therefore b is shifted in last. 



Bi-lithic Pnnthead Specification 



Confidential Silvcrbrook Research, 4 September 2002 



8 



The following table shows the values to programme the bi-lithic head pairs using a fire 
TABLE 4. Head Combinations Initialisation for /i=10O 



Nozzles 


Nozzles 


nlen (A&B) - 
n-l 


count A « 
(L A /2) mod n 
-1 




b B 


rem- 
(L B /2) mod n 


- count B = 
(L A -L B +reiw) mod n 
-1 


9744 


4080 


99 


71 


0 


0 


40 


3 


8328 


5496 


99 


63 


0 


0 


48 


79 


6912 


6912 


99 


55 


0 


0 


56 


55 



and once the registers are initialised with LA FrClk cycles (ReadL='0\ LSyncL=T). 
rem would be the correct value for count B if chip B was only clocked (FrClk) L B 
times. But this chip will be over clocked L A -L B cycles. The values of b A and b B are 
either the same or inverse of each other. The actually value does not matter. They need 
to be different from each other if the select shift registers would end up with differ- 
ent values at the butt ends. If (L A /2n) is even (and count A is non zero), then the final 
run in € A's select shift register will be !b A . If (L A -L B /2) mod n is even (and count B is 
non zero) then the final run in 'B's select shift register will be !b B . 



FIGURE 9. Determining Select Shift Register value 

Head a 



L x /2 select shift register length 



v., 



. count A +1 



Head B 



II 


-*\msmssm 








< 


► 





3 A Profile Pattern 

A profile pattern is repeated at FrClk rate. It is expected to be a single pulse about lus 
long. But it could be a more complicated series of pulse. The actual pattern depends on 
the ink type. 

The following figure show the external timing to print a line of data. In this example 
the line is printed in 8 cycles of FrClk. 
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FIGURE 10. Timing for printing Signals 
LsyncC jj " 

ReadL 




pr i^J~M_rEjmTB_m m m m 

3.5 Interface Modes 

The print heads a eight different modes controlled by signals ReadL and LSyncL. As 
seen in Figure 9 with both LSyncL and ReadL high, the chip in normal printing mode. 
Some of these mode can operate at the same time, but may interfere with the result of 
the other modes. 



TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


1 


1 


Normal Print Mode 


SrClk=SrClk/3 

frclk=FrClk 

SelClk=0 

FsClk=FrClk 

Scan=0 

CoreScan=0 


X 


0 


Dot Load Mode 

• Dot latches are open, loaded with Dot shift regis- 
ters, latch once LSyncL returns to 1 (this happens 
regardless of ReadL) 

• Enables Dot Shift register to capture fire result. 




1 


0 


Fire Load Mode 

• DatafOJ will shift through nlen, count and b with 
FrClk 


SrClk-X 

frclk-X 

SelClk-X 

FsClk=FrClk 

Scan=l 

CoreScan-X 
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TABLE 5. Print Head Modes 



ReadL 


LSyncL 


Mode 


Internal 
Mapping 


0 


1 


Reset Nozzle Test 

• Resets the state of nozzle test circuit 


SrClk=SrClk 
FrClk=FrClk 
SelCik^FrClk 


0 


1 


CMOS testing mode 

• The contents of the dot shift registers are serial 
shifted out on Data [0-1] with SrClk 


FsClk^FrClk 

Scan=0 

CoreScan=*l 


0 


1 


Fire Initialise mode 

• The contents of the fire shift register and select 
shift register is generated with FrClk 


0 


0 


Temperature Output 

• The series of Delta Sigma output are clocked out on 
DatafOJ with FrClk. The sum of these bits represent 
the temperature of the chip. 


SrClk=X 

frclk=0 

SelClk=0 

FsClk=0 

Scan=0 

CoreScan=X 


0 


0 


Nozzle Test Output 

• The result of a nozzle test is output on Data[ 1 ]. 



3.5.1 Printing 



Figure 10 shows show timing for normal printing. During this action, we drop out of 
Normal Print Mode, to Dot Load Mode between line transfers. For printing to perform 
correctly, no other signal should be stable. 

3.5.2 Initialising for Printing 

To initialise for printing the fire shift registers and select shift registers need to setup 
into a state as shown in Figure 7. To do this the chips are put into Fire Load Mode and 
the values for nlen, count and b are serially shifted from Data[0] clocked by FrClk. 
As the two chip have separate Data line, and common FrClk, this happens at the same 
time. Once this is done, mode is changed to Fire Initialise Mode, and further L A FrClk 
cycles are provided to both chips. During all these operation Pr should be low, to pre- 
vent unintentional firing for nozzles. 
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FIGURE 11. Initialising Print Heads 
LsyncL 



ReadL 

Data A [0] ( b A , lnen[13-0], count[Q>13] A ) - 
Dataa[0] ( p,,, Inenj 13-0], count [0-13] B ) ~ 



SrClk 

Frc,k fUUUI 



UUUL 



Pr 



Fire Load Mode 



JUUlf 

< 



\jsmEn 



UUUL 



-> l a cycles 



Fire Initialise Mode 



3.53 Nozzle Testing 

Nozzle testing is done by firing a single at a time a monitoring the Data [I] pin in the 
Nozzle Test Output mode. 

Each nozzle has a test switch with closes when it nozzle is fired. All 12 switches in a 
nozzle column are connect in parallel to the following circuit. 



FIGURE 12. Nozzle Test Latching Circuit 
, LSyncL&!ReadL 




Testout 



Vdd 



This circuit is initialised when ever LSyncL is high and ReadL is low (Reset Nozzle 
T est mode). This forces all "switch nodes" to low, and the feedback through lower NOR 
gate will latches this value. With LSyncL low and ReadL still low (Nozzle Test Output 
mode) the Testout of the first nozzle column is output on Datafl]. If any switch is 
closed, the switch node of this column will be pulled up, and will ripple through to the 
output as transition from high to low. 
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FIGURE 13. Nozzle Testing 



LsyncL 



ReadL 



SrClkg 
FrClk| 

Pr 



Set up Test 



Reset Nozzle Test Mode 



Nozzle Test Output Set up 
Mode Test 



Nozzle testing requires a setup phase in order to fire only one nozzle. There are many 
ways to achieve this. Simplest might be to load a single colour with 101010 through the 
even nozzles, and 010101 ... for the odd nozzles (0's for all other colours), and set up a 
fire pattern with n = L A /2. With this fire pattern only one nozzle will fire in each Pr 
pulse. After firing in Nozzle Test Output mode, a single FrClk will advance to next 
nozzle, then Reset and Test. After L A /2 cycles of this testing, a single SrClk will 
advance the dot shift registers to setup the untested nozzles of this colour, and another 
L A /2 cycles of FrClk, Reset and Test will finished testing this colour. Then repeat test 
procedure for other colours. 

3.5,4 Temperature Output 

This mode is not well defined yet. In this mode, DatafOJ will output a series of ones 
and zeros clocked by FrClk. After a (currently unknown) number of FrClk cycles the 
sum of this series will represent the temperature of the chip. Clocking frequency in this 
mode it expected to be in the range 10kHz - 1MHz. 
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FIGURE 14. Temperature Reading 
LsyncL | 



ReadL [ 
Data[0] 

SrClk 

FrClk 



Pr 



The Frequency of FrClk and the number of cycles need to be programmable. Since this 
mode cycles FrClk, the result of fire shift register and select shift register would be 
changed, but in this mode FrClk is disabled to these circuit. So printing can resume 
without reinitialising. 



3.5.5 CMOS Testing 

CMOS testing is a mode meant for chip testing with before MEMS as added to the 
chip. This mode allows the dot shift register to be shifted out on the Data [0- 1 J pins. 
Much like the nozzle test mode, the nozzles are fired while LSyncL is low, but during 
the firing SrClk will be cycle, and the dot shift register will load the signal that 
would fire the nozzle. Once capture, the result can be shifted out. 

FIGURE 15. CMOS Testing 
LsyncL 



ReadL 




SrClklgi 


n 










FrClkFBgg 


Pr 






Set up Test 


Dot Load Mode 


CMOS Test Output Mode 



The Dot Load Mode above violates normal printing procedure by firing the nozzles 
(Pr) and modify the dot shift register (SrClk). 
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4.0 Reticle Layout 



To make long chips we need to stitch the CMOS (and MEMS) together by overlapping 
the reticle stepping field. The reticle will contain two areas: 



FIGURE 16. Reticle Layout 



20 mm max. \ 
< ► A 




The top edge of Area 2, pad end contains the pads that stitch on bottom edge of Area 1, 
core. Area 1 contains the core array of nozzle logic. The top edge of Area 1 will stitch 
to the bottom edge of itself. Finally the bottom edge of Area 2, butt end will stitch to 
the top edge of Area 1. The butt end to iised to complete a feedback wiring and seal 
the chip. 

The above region will then be exposed across a wafer bottom to top. Area 2 % Area 1, 
Area i...., Area 2. Only the pad end of Area 2 needs to fit on the wafer. The final expo- 
sure fo Area 2 only requires the butt end on the wafer. 
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FIGURE 17. Stepper Pattern on Wafer 





4.1 TSMC U-Frame requirements. 

TSMC will be building us fames 10 nun x 0.23 nun which will be place* either side of 
both Area J and Area 2. 

to 3 mm on the reticle, as some recticles are 2x size, wmie mo 
must be used. 
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1.3 Scope 

This document describes the basic security requirements of programs running or, i the 
SoPEC ASIC [1]. It then describes an implementation solution to the security require- 
ments. 
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The described solution impacts the design of the SoPEC ASIC ^^^JjSS 
ninagement issues. The solution includes references to the QA Clup ASIC U»J 
ated authentication protocols [5]. 



terns 
document. 
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1.4 READERSHIP 

ras document is written for software engineers and * stem ^ 
™rh SnPFC as well as PCB designers that are responsible for SoPEC-basea rant 
££f! ISnSu ££J working £ PEC and PEC-based Print Engines may also find 
document useful. 

This document is also intended to be read by those responsible for key management and 
associated database designers with regards to guiding requirements. 

This document is confidential to Silverbrook Research Pty. Ltd. and ^distribution out- 
side this organisation mm be covered by a non-disclosure agreement (NDA). 

1 5 OA Chip Terminology 

The Authentication Protocols document [5] refers to QA Chips by their function in partic- 
ular protocols: 

. For authenticated reads, ChipR is the QA Chip being read from, and CbipT is the QA 
Chip that identifies whether the data read from ChipR can be trusted. 

. For replacement of keys. ChipP is the QA Chip being ™£* 
and ChipF is the factory QA Chip that generates the message to program the new key^ 

. For upgrades of data in memory vectors. CbipU is the QA Chip being upgraded, and 
ChipS is the QA Chip that signs the upgrade value. 

Any given physical QA Chip will contain functionality that allows it to operate as an 

entity in some number of these protocols. 

Therefore wherever the terms ChipR, ChipT. ChipP. ChipF. ChipU and ChipS are used in 
referring to' logical entities involved in an authentication protocol 

as defined in [5]. 

pj.„„v«/ OA Chios are referred to by their location. For example, each ink cartridge may 
PRINTER_QA, and will be on a separate bus to the INK.QA chips. 
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2 Requirements 

2.1 Security 

The basic functional security requirements are: 

. Silverbrook code and OEM program code co-existing safely 

• Silverbrook operating parameters authentication 
. OEM operating parameters authentication 

• Ink usage authentication 

Each of these is outlined in subsequent sections. 

The authentication requirements imply >**: _ Silverbrook program 

• OEMs and end-users must not be able to replace or xam P 

. — - <* — » - — — 4 w * hto ^ 

with the exception of operating system permitted unw pins 

Silverbrook code and OEM program code co-existing safely 

SoPECmcludesaCPUthatmus^ 

code. The execution model ^^orSoPEC « one whe ^ ^ 
forms an operating system (O/S) pro^g ^rnces^c ^ ^ ^ fa 

pipeline, interfaces to commumcad ons channel * c - LL code. The OEM 



2.1.1 



activated. 



A basic movement then, for SoPEC. is a f£* 

verbrook and OEM P^.^^SS^SS ser^rely on SoPEC 

be restricted to Silverbrook program code only. 
212 Silverbrook operating parameters authentication 
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TOS tapte *« OEM, - J -f S, e T«^ """» S"«*~ k 

brook program code or data, nor toe aoie to cwi ^ 

program code. 

How.ve, «. OEM -« be - "» ^ " *" 

!i r adrf S wu ! befo reS dlin8'l'=' , >ll 1 tE ra <n e »0«en*»»r. 

W OEM op.ra.lng pa, a n,,«rs •"«<«*-»"' „ fte ^ ^ocm of a. S** 

nor able to tamper with or replace kjejyi F lu & i(u ; 
Sfr^pJ^ the ?EP blocks or service-related penpherals. 

2.1.4 ink usage authentication Vtoendusersaccording to a business model. For example 

Each OEM sells printers "g^TSS OEM 2 may sell the same featured 

of OEM 2 printers can only use OEM 2 ink. 
code etc. It is impossible to guard against such an attack. 

We are really only concerned withe ^SSlSSSS^ 
of printer operating parameter antoenuca u on and *k onethatcanb e down- 

such an attack is where the '^^SSS^iS^ V** ^ 
loaded from the *>^J* a hacker or by a rogue OEM >s 

^SiS^^SS^^^^^ printer outside tbe tcnns 

of the license agreement. 



1. a franking machine prints stamps 
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net and have no perceived ^.J*^"™^! print ^gine to be physically modified, 
since most printer u,ers are no ^ — *SSiJS is likely to exceed the price 
This is even more true it tne cost 01 f"/ 
of a legitemale upgrade. 

Finally, 1. M be — - - J*" 
rity. 

2.3 Implementation Constraints section 2 1 must also meet certain impiemen- 

Any solution to the requirements detailed in Section 2.1 must 

tation constraints. These are: 

. No flash memory inside SoPEC 

. SoPEC must be simple to verify 

. silverbrook program code must be updateable 

. OEM program code must be updateable 

. Must be bootable from activity on USB or ISI 

. Noe^pinsforassigning^ 

. Canncttn^thecon^ch^^ 

. Cannot trust the comms channel to the QA Chip in 

. cannot trust the ISI comms channel 

These constraints are detailed below. 

2.3.1 No flash memory inside SoPEC ^ ^ ^ 

SoPEC is intended to be me ^'^^- n g considered- Although Virage have a process 

few bits. 

2.3.2 SoPEC must be simple to verify must ^ vcrified 

AU combinatorial logic and embedded prog^n cod increascs verification 
before manufacture. Every increase in complexity in 
effort and increases risk. 

. finished in time for SoPEC manufacture 
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Therefore the complete Silverbrook program code must not permanently reside on 
loPEC U must be possible to update the Silverbrook program code as enhancements to 
functionality are made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug fixes .In 
L besTcTe^isting SoPEC users can download new embedded code to enable function- 
al these same users would be obtaining these updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2 3 4 OEM program code must be updateable 

Given that each OEM will be writing specific program code foi renters ttotf have not : yet 
Ln conceived, it is impossible for all OEM program code to be embedded .n SoPEC at 
the ASIC manufacture stage. 

Since flash memory is not available (see Section 2.3.1). OEMs cannot store their program 
S?££3J fiash. While it is theoretically possible to store OEM pr op code in 
ROM on SoPEC, this would entail OEM-specific ASICs which would be prohibmvely 
expensive. Therefore OEM program code cannot permanently reside on SoPEC. 

Since OEM program code must be downloadable for SoPEC to execute it should 1 there- 
forebe possibleTupdate the OEM program code as enhancements to functionality are 
made and bug fixes are applied. 

In the worst case, only new printers would receive the new functionality or bug fixes. In 
SebesTca?e^i ting SoPEC users can download new embedded code to enable function- 
al bug fixe^ Really, these same users would be obtainmg the^ updates from the 
OEM website or equivalent, and not require any interaction with Silverbrook. 

2 3 5 Must be bootable from activity on USB or ISI 

SoPEC can be placed in sleep mode to save power when printing « not ^ired RAM is 
not oreserved in sleep mode. Therefore any program code and data in RAM will be lost. 
Ho we^oPEVmSst be capable of being woken up from the host when it ,s time to print 
again. 

In the case of a single SoPEC system, the host communicates with SoPEC via USB. 

In the case of a multi-SoPEC system, the host typically communicates with the ISI Master 
cmp (eTtht ^Master could be SoPEC, and the comms is USB), and can send messages 
t^thtr slave SoPECs via the ISI master. The ISI master SoPEC relays these messages to 
the slaves via the ISI. 

Therefore SoPEC must be capable of being woken up by activity on either the USB or on 
the ISI. 

2.3.6 No extra pins to assign IDs to slave SoPECs 

Tn a sinsle SoPEC system the host only sends data to the single SoPEC. However in a 
mutti 3££ STh of the slaves needs to be uniquely identifiable in order to be 
able for the host to send data to the correct slave. 

Since there is no flash on board SoPEC (Section 2.3.1) we are unable to store a slave ID 
(eg 4 bits) in each SoPEC. Moreover, any ROM in each SoPEC will be »dentical. 
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tions, and further pins would add to the cost. 
, 3 7 Cannot tr«t th. cmn>, channe, to th. OA Chip In the printer (PRINTER OA) 

, 3 s Cannot trust th. comma channel to the OA Chip .n to. ink cartridge. (.N^QA) 

ory of that ink cartridge s INK.QA c^p. »o« id possible for an 

2 .,.9 C.n»o. trae. the .SI comma chann.. ^ ^ ^ 

man-in-the-middle attacks). 
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3 Proposed Solution 

A proposed solution to the requirements of Section 2, can be summarised as: 

• Each SoPEC has a unique id 

• CPU with user/supervisor mode 

• Memory Management Unit 

• SoPEC ISI identification 

31 EACH SOPEC HAiS A UNIQUE ID 

Each SoPEC needs to contains a unique SoPEC"* — «j£ " ^ 
&/>£C_W is used to form a symmetric key unique to each SoPEC. SoPEC_i<U*y 

cult to determine. Difficult tc > detenrune on the board, 

mine the id via software, or by v,ewmg ^^^^^pecifictest pins on the 

It is important to note that in the ^^^^^^^ 

It h idea! that the ^^S^^^^S 

3 2 CPU WITH USER/SUPERVISOR MODE 

SoPEC con** • CPU «... fr p ^ b 3^^SSStS^ 

sr^^^ 521 -^ wiU,,te SPARC 

V8 instruction set). 

Silverbrook (operating system) program code will run in supervisor m ode, and all OEM 
program code will run in user mode. 

3 3 MEMORY MANAGEMENT UNIT 

w xvroTiaaement Unit fMMU) that limits access to regions ot 



1 . On IBM's CU1 1 process this chipld is 80 bits. 
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mitted. 



DRAM. 



• t« ,11 the non-valid address space should be trapped, regardless of user 
blocks) is supervisor read / wnte access only inop registers can also be 

dereferencing to be trapped. 

v no am and PEP subsystems of SoPEC, typically we would set user 
With respect to the DRAM and PEP WJ" fe re ^ on of memory that is used 

read/write/execute mode l««~.^2£Xw code, and 0/0/0 elsewhere. By 
for OEM program data, 1/0/1 for regions of OEM P^mco^ sions for this 

contrast we would typically set •J^JSSSESS. in supervisor mode), 
memory to be 1/1/0 (to avoid accidentally executing user 

/ c„Mi™ % n should only be accessible in supervisor mode, 



access. 



3.4 SPECIFIC ENTRY POINTS IN O/S 



*IFIC ENTRY fU.wio in wiw 

4 even call functions in supervisor code space, 

implementation for this depends on the CPU. 

O. - UON _ J-™*; — ^SK^StS^ 

and supervisor mode m a controlled way. i nc ^ or code space in supervisor 

user mode, 

updates occur. 

^ ^of rt «il! user mode code. There are a number 
The LEON also allows supervisor mode code to call user mooe 
of ways that this functionality can be implemented. 
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3.5 Boot Procedure 

3 5 1 Basic premise 

The intention is to load the Silverbrook and OEM must be capa- 

RAM, where it can be ^^y^^^^^^2^t^ onty 
bte of downloading program code. ^"^2 ottewise anyone could mod- 

ating parameters. 

We perform authentication of program code and data using asymmetric cryptography and 
without using a QA Chip. 

Assuming we have already downloaded some data and a 160-bit signature mto eDRAM, 
the boot loader needs to perform the following tasks: 
. oerformSHA-1 on the downloaded data to calculate a digest localDigest 
. Metric decryption on the downloaded signature (160-bfts) usmg an 

asymmetric public key to obtain authorizedDigest 

• l/ZlDi g L = authorizedDigest, then the downloaded data is "f^j^JS 
Jure must have been signed with the asymmetric private key) and control can men be 
passed to the downloaded data 

Asymmetric decryption is used instead of symmetric decryption because *° <^££ 
5S be heUUn SoPEC's ROM. If symmetric private keys are used, the ROM can be 
probed and the security is compromised. 

The procedure requires the following data item: 

• bootOkey = an /i-bit asymmetric public key 

The procedure also requires the following two functions: 

• SHA-1- a function that performs SHA-1 on a range of memory and returns a 1604ft 

. decrypt = a function that performs asymmetric decryption of a message using the 
passed-in key 

Assuming that all of these are available (e.g. in the boot ROM), boot loader 0 can be 
defined as in the following pseudocode: 



boot loader O ( flat* , eisr) 

localDigest «- SHA-1 (data) 
^rizedDigest - decrypt (.lg. bootORey) 



authorizedDigest 



Else 

// program code is unauthorized 
Endlf 



from some hacker in Norway). 
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f p*a \ 2048-bit key is required to match the 160-bit symmetric-key security' 
In the case ofRSA, ^048-bit le _ h of l32 bits is likely to suffice, 

of the Q A Chip. In the case of ECDSA, a Key lengv 

«..Hm1fc kevs in SoPEC and having the external 
There is also no advantage to storing mutap to b*n» * rf key ^ 

• /• ^PFr is 6aic></ on Wing asymmetric private key- 
Therefore the entire security of SoPEC u ™%™™ P . * so based on hoping the pro- 

bootOkey secure. 



ify and characterize 

3.5.2 



Hierarchies of authentication necds to be 

Given that test programs, evaluation programs, ana siivcip 

it is not secure to 

written and tested, and OEM program code Silverbrook O/S, non-O/S, 

have a single authentication of a QEM^gning Silverbrook program 

code. 

code contains the key for authenticating the next 

*-*-—-- , SSSTtI- C W SoPEC 
. SoPECCo, Silverbrook s SoPEC tuiraware i 

. ComCo, a company that ^semblw Prmt jingm ^ t0 a license 

etc. customizing the Print Engine for a given OEM accorm g ^ 

. OEM. a company that uses a Print Engine * .create a , and casing, 
end-users. The OEM would supply the motor control logic, user in 

The levels of authentication hierarchy are as follows: toTOiporates 

. SoPECCo generates datasetl ^^^l^^l^ty. SoTeCCo 
the print engine ^f^^^^^otOkeyW The print engine 
signs datasetO with SoPECCo s as vrnmen P felock by ^ ^co s 

program code expects to see an operanng p« 

asymmetric private key. cmlsistinE of data setl plus dato**2. where datoetf 

. The ComCo generates d ^^^o^prim engine licence (according to 
is an operating parameter block fon i given u F ComCo 's asymmetric private 
the print engine ^ would contain valid print speed ranges. 
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is 
3* 



era* as many of these operating parameter blocks for any number of Print Engine 
SnSs brcannotwriteorsignanysupervisorO/Sprogrameode. 

. L ^ OEM would generate consisting^ ^^^^ 

dataset 4 is the OEM program code s^d ^hthe OEM asynune p 
The OEM can produce as many versions of dataseti as u uses B 
poses or for updates to drivers etc) 

The relationship is shown below in Figure I. 




datasett 
(supplied to 
OEM) 




dataseU 
(suppled to 
end-user) 



Figure 1. Relationship between the datasets 

• - o oPEC itself validates datasetl via the bootOkey mech- 
When the end-user uses datasetS SoPEC itsen ™™ x validates and 



SoPEC boot rom 

(includes bootOkey public key) 



validation via bootOkey 



datasetl: operating system 
(includes ComCo public key) 



validation via ComCo key 



dataset2: operating parms 

(indudes OEM public key) 



validation via OEM key 



dataset4: OEM program code I 



Figure 2. Validation hierarchy 
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vate key is compromised, then O/S program cooe is n y asymmetric 
OEM program code in ^^^^SZ ^ o compromisedTcom- 
private key is compromised, then the OEM program coa a 
promise of froofOtay compromises eyerythiflg up to SoPEC itself, ana wo 
mask ROM change in SoPEC to fix. 

/, is .orth.hiie repeating that in any Hierarchy ^ T^a 

based on keeping the asymmetric private key paired to ^^sZlheaslnmetric 
requirement that the program that signs (t.e. authorizes) datascts using 
private key paired to bootOkey secure. 

35 3 Authenticating operating parameters 

and OEM operating parameters Both sets tfWJ printer to 

ment of host O/S drivers etc. 

On PRINTER OA. memory vector Mo contains the upgradable operating parameters, and 
2:™^ "rZs any extant (non-upgradable) operating parameters. 

Considering only Silverbrook operating parameters for the moment, there are actually two 
problems: ^ ^ ^ silverbrook operating parameters, which should be 

authorized only by Silverbrook 
b. readingrae parameters into SoPEC, which is an is ^ u *^ p^TE^QA ^ 
thedata on the PRJNTER_QA chip since we don't trust PRINTER_QA. 

The PRINTER QA chip therefore contains the following symmetric keys: 

anything- , 

, . „, ra x Tt onlv ^ed to authenticate the actual upgrades ot tne 
Ko is used to solve problem (a). It is onlyj usee to a ^ d ^ prot ocol 

ing as the ChipS. 

operating parameter) ^^^^^prA^r qa acting as ChipR, and the embed- 
ded read protocoUescnb* Ung. ^^^r^^micated read protocol [5] 
ded supervisor software on SoPEC acting .as uupi. fe This creates the 

requires the use of a 160-bit nonce which » » P«**£^ "^readily determinable 



Confidential 



November 29. 2002 



1S 



Sitvertorook Research 



SoPEC Security Overview 



4-4-1-3 v1. 6 



Silverbrook s key Ko- i nis mcuo ^ f ^txixup da Of course this must be done 
part of Mo- 

I n tt , i5 w» y ,K,n.v„^»be to ow«b ym »o, 1 e.xcep, 1 h e S. I .EC»dPRINTE^QA. 
extra keys (multiple SoPE CJdJceys) to a single PRINTER.QA. 

print will terminate. 

stored in the PRINTER_QA as described in Section 3.5.3. 
However.almoughanOEMsho^ 

a given Print Engine, they must be able to assembly-toe test tte ran ngu> 
ferem set of operating parameters i.e. a maximally upgraded Print Engine. 

would be performed. 

At fiist thought, it might be ^2^2^^^ 
PRJOTER.QA coming «^t1T^cS^ pSSSLqa «— 

bSc machine (e.g. over anet). Neither approaches are good. 
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■ i ^octpr PRTNTER OA for testing, then we must make use of special 
If there is no special master P^TE^QA to ^ depend Qn ^ 

test programs, or storage on the PIUN lfcK_vn, vi 
test requirements of the OEM. 

would not want the OEM to have such a program. 

Likewise, if a test program only ^ f ff^^5S£ 
not only does this change the test images. This may 

before printing) but a serv.ce must *££J£3 £ every time a test image is 

S upgnrfe capability, axcap. HI to. sot . 

gets out into the public, the user can only print blank pages. 

If the OEM requires tests that actually prints dots, there are several possibilities: 

OEM test patterns cannot be printed 
b A version of the O/S that prints garbage in special places over the test image. 
AgTthe has the disadvantage that special OEM test patterns cannot be 

PRINTER_QA customization may only need to be l or z. 

. , x • u aWu the least restrictive to the OEM while still being 
Of these solutions, option (c) is probably ^^^^J^™ QA is 0 after testing, 

^ nted at full upgmde capability, and power must stay on while domg so. 

354 Use of a PrintEngineLicense id 

Si.verbrook O/S program code contains *e ^^^ZZ^Z 
the subsequent OEM program code is authentic - i*ton ' ™SSJ for different OEM's 
SoPEC only contains a single root key. it « theoret.cally possible £r 
applicatio J to be run identically physical Print Engines i.e. pnnter dnver u , 
on an identically physical Print Engine from OEM 2 . 

To guard agamst this the JTame^alue^as a 

PrtrtEngineLicenseJd code (e. * »« ^ ? As with all other operating 

fixed operating parameter in the PRINTER_QA O^jM PRINTER_QA at the 

parameters, the value of PrintEngineLtcense^d would be stored in 
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same time as the other various PRINTER^ customization* are being applied, before 
being shipped to the OEM site. 

In this way. the OEMs can be sure of differentiating themselves through software func- 
tionality. 

tication makes use of counters in SoFfcC max Keep <u 
of dots printed for each ink. 

T* ink amount remaining in a given cartridge fa*»dfa *at ^dge^ QA chip. 
Other data stored on the INK_QA ch.p OEM Id. ixScType. 

be stored in M 1+ within INK.QA. 

bt» validated by means of PRINTER_Q A. a 
just as the Print Engine operatmg P^ rt «^£Son with specifically licensed 
given Print Engine license may edg J^^^l set olTnk types, colors. 

INK_QA. 

jo tVie INK OA both in terms of ink parame- 
SoPEC must be able to authenticate reads from the UN^a, do 

ters as well as ink remaining. 

To authenticate ink a number of steps must be taken: 

• restrict access to dot counts txit'cr OA 

. authenticate ink usage and ink parameters via M"* -* 
. broadcast ink dot usage to all SoPECs in a multi-SoPEC system 

3.5.5. Y resfrfc* access to dot counts _ ^ ^ ^ ^ ^ 

Since the dot counts are accessed v.a thej Mm * from 
reg ^ terS Jnot Tv S ^ (Stride). Otherwise it might be possible for 



3.5.5.2 



INK QA, the count has been correctly decremented 
FNK_QA. 

We cannot write the S1«LMAv to the INK.QA for two reasons: ^ 
. . updating keys is not power-safe (i.e. if power is removed mid-update, the INK_QA 
could be rendered useless) 
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change the old key to a new one). 
The proposed solution is to let INK QA have t~k£ ^ 

. Ko = M*^^it!SJS ctmCo «£. is no, the same 
supply agreement between an OEM and * PRINTER_QA). Ko has wnte 

key as PrintEngineUcenseJcey which is stored as ^ 

permissions to the ink remaining regmns ^^^^^ for a ^ ink 
. Ki-UselnkLicense.key. This. i ;key > S ~^^ 0 ^S S ? s nor the same key 

permissions to anything. „ ,„ _ to f U 

^ „, , lr ,^ Hpl . 0 f the amount of ink remaining (e.g. to 1111 

is used to authenticate the actual upgrades standar d upgrade protocol 
£d refill the amount of ink). Upgrades are ^rformed usm £ ^ ^ ^ 
described in [5], with INKjQ* ^^g^ ^ to check the appropriate ink 

the ChipS. The fill and ^S^^^^jS^^^ for validity - 
licensing parameters such as OEMJd, InkType ana uncus s 

(e g in K 2 ), also with no write permissions. 

This means there are two ^l^gl^nitnBBjy,^^^^^ ^ 
ing as a bridge between INK.QA and SoPEC. 

/ WOU-UNT is shared between 

. SoP£C id key is shared between SoPEC and PRINTER.QA 
AUSoPEChastodoisdoanau^^^^ 

£f re to PRINTER_QA, let B J 35*C* J* SoPEC 

PPJNTER_QA to produce a similar "^^^^^ated signature (i.e. imple- 
can then compare PRINTER.QA's Signamre w^ own calc ^ ^ ^ ^ 

ment a Test function [5] in software on -^ s oPEC£and £ tne gn 
from INK QA must be valid, and can therefore be trusted. 

Once the data from INK.QA is known to be jjjjjMJ. amount of i*— 
checked and the other ink licensing parameters sucn 
InkUsageLicense_Id can be checked for validity. 

The actual steps of read authentication as performed by SoPEC are: 



KEY1 

KEY 2 «- 2 



— sin »X* content, to specify wMch *ey to use w h en si.nin, 



Rink, Minx- siG ink *~ in - v 

Ron prc <- random () - TGftW keyi , Rsopec* 

// all is ok 
Else 
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// the ink value, is noc what we wrote, so don't print anything anymore 
Endlf 

Else . . 

// the data read from INK_QA is not valid and cannot be trusted 

Endlf 

Strictly speaking, we don't need a nonce (R SO pec) ^ *■ bccause M a (containing 
the ink remaining) should be decrementing between authentications. However we do need 
one to retrieve the initial amount of ink and the other ink parameters (at power up). This is 
why taking a random number from the WatchDog Timer at the receipt of the first page is 
acceptable. 

In summary, the SoPEC performs the non-authenticated write [5] of ink remaining to the 
1NK_QA chip, and then performs an authenticated read of the data via the PRINTER.QA 
as per the pseudocode above. If the value is authenticated, and. the INK^QA ink-remain- 
ing value matches the expected value, the count was correctly decremented and the print- 
ing can continue. 

3. 5.5.3 broadcast ink dot usage to all SoPECs in a multi-SoPEC system 

In a multi-SoPEC system, each SoPEC attached to aprinthead (4 at most) must broadcast 
its ink usage to all the SoPECs. In this way, each SoPEC will have its own version of the 
expected ink usage. 

In the case of a man-in-the-middle attack, at worst the count in a given SoPEC is only its 
own count (i.e. all broadcasts are turned into 0 ink usage by the man-in-the-middle). 

A single SoPEC performs the update of ink remaining to the INK.QA chip, and then all 
SoPECs perform an authenticated read of the data via the appropriate PRINTER.QA (the 
PRDMTER_QA that contains their matching SoPECJdJcey - remember that multiple 
SoPEC Jd_keys can be stored in a single PRJNTER.QA). If the value is authenncated, 
and the INK_QA value matches the expected value, the count was correctly decremented 
and the printing can continue. 

If any of the broadcasts are not received, or have been tampered with, the updated ink 
counts will not match. The only case this does not cater for is if each SoPEC is tricked (via 
an ISI man-in-the-middle attack), into a total that is the same, yet not the true total. Apart 
from the fact that this is not viable for general pages, at worst this is the maximum amount 
of ink printed by a single SoPEC. We don't care about protecting against this case. 

Since there will be at most 4 printing SoPEC, it requires at most 4 authenticated reads. 
This should be completed within 0.5 seconds - well within the 2 seconds/page print time. 



3.5.6 Example hierarchy 

The exact breakdown of hierarchy will depend on a later investigation, but for the pur- 
poses of scoping out possibilities, it is worthwhile considering an example hierarchy for 
illustrative purposes. 



Confidential 



November 29. 2002 



20 



Silverbrook Research 



SoPEC Security Overview 



4-4-1-3 v1.6 



Adding an extra bootloader step to the example from Section 3.5.2, we can break up the 
contents of program space into logical sections, as shown in Table 1 . Note that the ComCo 
does not provide any program code, merely operating parameters that is used by the O/S. 



Table 1, Sections of Program Space 









(ROM) 


ooot loaoer o 
SHA-1 function 
asymmetric decrypt function 
bootOkey 


section 1 via bootOkey 


1 


boot loader 1 
SoPECOS_public_key 


section 2 via SoPEC_OS_public_key 


2 


Silverbrook O/S program code 
function to generate 
SoPEC Jd_ key from SoPEC_id 
Basic Print Engine 
ComCo_puWic_key 


section 3 via ComCo_public_key 

section 4 via OEM_public_key (supplied in sec- 
tion 3) 

PRINTER. OA data, which includes the 
PrintEngineLicense^id, Silverbrook operating 
parameters, and OEM operating parameters (all 
authenticated via SoPECJd.key) 


3 


ComCo license agreement operat- 
ing parameter ranges, tnduding 
PrintEngineLicenseJd (gets 
loaded into supervisor mode sec- 
tion of memory) 

OEM_public_key (gets loaded into 
supervisor mode section of mem- 
ory) 

Any ComCo written user-mode 
program code (gets loaded into 
mode mode section of memory) 


is used by section 2 to verify section 4 and 
range of parameters as found in PRINTER_QA 


4 


OEM specific program code 


OEM operating parameters via calls to Silver- 
brook O/S code 



The verification procedures will be required each time the CPU is woken up, since the 
RAM is not preserved. 



3.5.7 What if the CPU is not fast enough? 

In the example of Section 3.5.6, every time the CPU is woken up to print a document it 
needs to perform: 

• SHA-I on all program code and program data 

• 4 sets of asymmetric decryption to load the program code and data 

• 1 HMAC-SHA1 generation per 51 2-bits of Silverbrook and OEM printer and ink oper- 
ating parameters 

Although the SHA-i and HMAC process will be fast enough on the embedded CPU (the 
program code will be executing from ROM), it may be that the asymmetric decryption 
will be slow. And this becomes more likely with each extra level of authentication. If this 
is the case (as is likely), hardware acceleration is required. 

A cheap form of hardware acceleration takes advantage of the fact that in most cases the 
same program is loaded each time, with the first time likely to be at power-up. The hard- 
ware acceleration is simply data storage for the authorizedDigest which means that the 
boot procedure now is: 
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»lowCPU_boot loadfsrO (data, slg) 

localDigest *- SHA-l(data) 

If (localDigest = previouslyStoredAuthorizedDigest) 

jump to program code at data-start address// will never to return 
Else 

authorizedDigest «- decrypt (sig, bootOkey) 

If (localDigest = authorizedDigest) 

previouslyStoredAuthorizedDigest «- authorizedDigest 

jump to program code at data-start address// will never to return 

Else 

// program code is unauthorized 



This procedure means that a reboot of the same authorized program code will only require 
SHA-1 processing. At power-up, or if new program code is loaded (e.g. an upgrade of a 
driver over the internet), then the full authorization via asymmetric decryption takes place. 
This is because the stored digest will not match at power-up and whenever a new program 
is loaded. 

The question is how much preserved space is required 

Each digest requires 160 bits (20 bytes), and this is constant regardless of the asymmetric 
encryption scheme or the key length. While it is possible to reduce this number of bits, 
thereby sacrificing security, the cost is small enough to warrant keeping the full digest. 

However each level of boot loader requires its own digest to be preserved. This gives a 
maximum of 20 bytes per loader. Digests for operating parameters and ink levels may also 
be preserved in the same way, although these authentications should be fast enough not to 
require cached storage. 

Assuming SoPEC provides for 12 digests (to be generous), this is a total of 240 bytes. 
These 240 bytes could easily be stored as 60 x 32-bit registers, or probably more conven- 
iently as a small amount of RAM (eg 0.25 - 1 Kbyte). Providing something like 1 Kbyte of 
RAM has the advantage of allowing the CPU to store other useful data, although this is not 
a requirement. 

In general, it is useful for the boot ROM to know whether it is being started up due to 
power-on reset or activity on the USB/IS I. In the former case, it can ignore the previously 
stored values (either 0 for registers or garbage for RAM). In the latter case, it can use the 
previously stored values. Even without this, a startup value of 0 (or garbage) means the 
digest won't match and therefore the authentication will occur implictly. 



At power-up, the host can send targeted data to the USB -connected SoPEC, but can only 
send broadcasts to all of the slave SoPECs via the USB-connected SoPEC's ISI. 

Each slave SoPEC will verify the broadcast message received over the ISI, and if it is 
valid, will execute it. Several levels of authorization may occur. However, at some stage, 
this common program code (broadcast to all of the slave SoPECs and signed by the appro- 
priate asymmetric private key) will, among other things, set the slave SoPEC's ISI id If 
there is only 1 slave, the id is given, but if there is more than 1 slave, the id must be deter- 
mined in some fashion. 



Endif 



3.6 



SOPEC ISI IDENTIFICATION 
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On a particular physical arrangement of SoPECs each slave SoPEC will have a different 
set of connections on GPIOs. For example, one SoPEC maybe in charge of motor control, 
while another may be driving the LEDs etc. The unused GPIO pins (not necessarily the 
same on each SoPEC) can be set as inputs and then tied to 0 or 1. As long as the connec- 
tion settings are mutually exclusive, program code can determine which is which, and the 
id appropriately set. 

In some multi-SoPEC systems, a given SoPEC will only be attached to a single printhead 
(left or right). We can conveniently use the second printhead connection pins (temperature 
and test) to form an ISI id. 

This scheme of slave SoPEC identification does not introduce a security breach. If an 
attacker rewires the pinouts to confuse identification, at best it will simply cause strange 
printouts (e.g. swapping of printout data) to occur, while at worst the Print Engine will 
simply not function. 

Note that some physical setting (e.g. pins) on each of the multiple SoPECs is required - the 
settings just need to be mutually exclusive. Although it is possible for all the SoPECs to 
come to a logical ISI id assignment (e.g. by using ethernet-like protocols), the ISI id needs 
to be very much a physical identity scheme. This is because these SoPECs are not simply 
logical processors - we want the correct portion of the page to be printed on the correct 
physical location, motor controls will be physically connected to a specific physical 
SoPEC etc. 

3.7 Setting up QA Chip keys 

In use, each 3NK_QA chip needs the following keys; 

• Kq ~ Supply f nkLicense_key 

• Kj = UselnkLic ense_key 

Each PRINTER.QA chip tied to a specific SoPEC requires the following keys: 

• Kq =* PrintEngineLicenseJcey 

• Kj = SoPEC_idJcey 

• K 2 = UselnkLicenseJcey 

Note that there may be more than one K { depending on the number of PRINTER_QA 
chips and SoPECs in a system. These keys need to be appropriately set up in the QA Chips 
before they will function correctly together 

3.7.1 Original QA Chips as received by a ComCo 

When original QA Chips are shipped from QACo to a specific ComCo their keys are as 
follows: 

• Ko = QACojComCo_KeyO 

• K, = QACojComCo_Keyl 

• K 2 » QACoJ2omCo_Key2 

• K 3 = QACojComCo__Key$ 

All 4 keys are only known to QACo. Note that these keys are different for each QA Chip. 

3.7.2 Steps at the ComCo 

The ComCo is responsible for making Print Engines out of Memjet printheads, QA Chips, 
PECs or SoPECs, PCBs etc. 
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In addition, the ComCo must customize the INK_QA chips and PRINTER_QA chip 
on-board the print engine before shipping to the OEM. 

There are two stages: 

• replacing the keys in QA Chips with specific keys for the application (i.e. INK_QA 
and PRINTER_QA) 

• setting operating parameters as per the license with the OEM 

3.7.2.1 Replacing keys 

The ComCo is issued QID hardware [4] by QACo that allows progranuning of the various 
keys (except for K,) in a given QA Chip to the final values, following the standard 
ChipF/ChipP replace key (indirect version) protocol [5]. The indirect version of the proto- 
col allows each QA CoJ2omCo_Key to be different for each SoPEC. 

In the case of programming of PRINTEI^QA's K, to be SoPECJdJkey, there is the addi- 
tional step of transferring an asymmetrically encrypted SoPECJdJcey (by the public-key) 
along with the nonce (Rp) used in the replace key protocol to the device that is functioning 
as a ChipF. The ChipF must decrypt the SoPECjdJcey so it can generate the standard 
replace key message for PRINTER_QA (functioning as a ChipP in the ChipF/ChipP pro- 
tocol). The asymmetric key pair held in the ChipF equivalent-should be unique to a 
ComCo (but still known only by QACo) to prevent damage in the case of a compromise. 

Note that the various keys installed in the QA Chips (both INK_QA and PRJNTER_QA) 
are only known to the QACo. The OEM only uses QIDs and QACo supplied ChipFs. The 
replace key protocol [5] allows the programming to occur without compromising the old 
or new key. 

3. 7. 2. 2 Setting operating parameters 

There are two sets of operating parameters stored in PRINTER_QA and INK_QA: 

• fixed 

• upgradable 

The fixed operating parameters can be written to by means of a non-authenticated writes 
[5] to M l+ via a QID [4 J, and permission bits set such that they are ReadOnly. 

The upgradable operating parameters can only be written to after the QA Chips have been 
programmed with the correct keys as per Section 3.7.2.1. Once they contain the correct 
keys they can be programmed with appropriate operating parameters by means of a QID 
and an appropriate ChipS (containing matching keys). 
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3 Introduction 

This document describes the SoPEC ASIC (Small office home office Print Engine Controller) suitable for 
use in price sensitive SoHo printer products. The SoPEC ASIC is intended to be a low cost solution for bi- 
lithic printhead control, replacing the multichip solutions in larger more professional systems with a single 
chip. The increased cost competitiveness is achieved by integrating several systems such as a modified 
PECi [1] printing pipeline, CPU control system, peripherals and memory sub-system onto one SoC ASrC, 
reducing component count and simplifying board design. 

This section will give a general introduction to Memjet printing systems, introduce the components that 
maJce a bi-Iithic printhead system, describe possible system architectures and show how several SoPECs 
can be used to achieve A3 and A4 duplex printing. The section "SoPEC ASIC" describes the SoC SoPEC 
ASIC, with subsections describing the CPU, DRAM and Print Engine Pipeline subsystems. Each section 
gives a detailed description of the blocks used and their operation within the overall print system. The final 
section describes the bi-lithic printhead construction and associated implications to the system due to its 
makeup. 

Some sections of this document were derived from the Print Engine Controller Hardware Design Specific 
cation[ 1 ] written by Sil verbrook Research. 
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4 Nomenclature 



4.1 Bl-LITHIC PRINTHEAD NOTATION 



4.2 



A bi-lithic based printhead is constructed from 2 printhead ICs of varying sizes. The notation M N is used 
to express the size relationship of each IC, where M specifies one printhead IC in inches and N specifies 
the remaining printhead IC in inches. »p*w«ca 

Section 35 Memjet Printhead contains a description of the bi-lithic printhead and related terminology. 



Definitions 

The following terms 
Bi-lithic printhead 
CPU 

ISI-Bridge chip 



ISIMaster 

ISISlave 

LEON 

LineSyncMaster 

Multi-SoPEC 

Netpage 

PEC1 

Printhead IC 
PrintMaster 

QA Chip 
Storage SoPEC 
Tag 



are used throughout this specification: 
Refers to printhead constructed from 2 printhead ICs 
Refers to CPU core, caching system and MMU. 

A device with a high speed interface (such as USB2.0, Ethernet or IEEE1394) and 
one or more ISI interfaces. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 

The ISIMaster is the only device allowed to initiate communication on the Inter 
Sopec Interface (1ST) bus. The ISIMaster interfaces directly with the host. 
Multi-SoPEC systems will contain one or more ISISlave SoPECs connected to the 
ISI bus. ISISlaves can only respond to communication initiated by the ISIMaster. 
Refers to the LEON CPU core. 

The LineSyncMaster device generates the line synchronisation pulse that all 
SoPECs in the system must synchronise their line outputs to. 

Refers to SoPEC based print system with multiple SoPEC devices 

Refers to page printed with tags (normally in infrared ink). 

Refers to Print Engine Controller version 1 , precursor to SoPEC used to control 
printheads constructed from multiple angled printhead segments. 
Single MEMS IC used to construct bi-lithic printhead 

The PrintMaster device is responsible for coordinating all aspects of the print 
operation. There may only be one PrintMaster in a system. 
Quality Assurance Chip 

An ISISlave SoPEC used as a DRAM store and which does not print. 

Refers to pattern which encodes information about its position and orientation which 
allow it to be optically located and its data contents read. 



4.3 



Acronym and Abbreviations 

The following acronyms and abbreviations are used in this specification 
CFU Contone FIFO Unit 



CPU 
DIU 



Central Processing Unit 
DRAM Interface Unit 
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DNC 


Dead Nozzle Comoensator 


DRAM 


Dynamic Random Access Memory 


DWU 


DotLine Writer Unit 


GPIO 


General Purpose Input Output 


HCU 


Halftoner Comno«;itor Unit 


ICU 


IntemiDt Controller Unit 


ISI 


Inter SoPEC Interface 


LDB 


Lossless Bi -level Decoder 


LLU 


Line Loader Unit 


LSS 


lAfW O^vCU ljCI 1 fl] 1IJ.LC1 Id^C 


MEMS 


l^t cro Fleptm animal Qvc*<»m 


MMU 


Mcrnrtrv r^on a crf > m/*fit T Tnii* 
I'Xwiiivijr ivj (UlagCillwIll UUIl 


PCU 


SoPEC Controller Unit 


PHI 


PrintHpfld Int^rfiir^ 


PSS 


rower Dave otorage unii 




DaaI time* 1 l a Li * f Tmi^ 

rvcai-ume ueoug unit 


ROM 


neaa wmy rviemory 


SCB 


Serial Communication Block 


SFU 


Spot FIFO Unit 


SMG4 


Silverbrook Modified Group 4. 


SoPEC 


Small office home office Print Engine Controller 


SRAM 


Static Random Access Memory 


TE 


Tag Encoder 


TFU 


Tag FIFO Unit 


TIM 


Timers Unit 


USB 


Universal Serial Bus 



4.4 Pseudocode notation 

In general the pseudocode examples use C like statements with some exceptions. 
Symbol and naming convections used for pseudocode. 
Comment 
Assignment 

Operator equal, not equal, less than, greater than 
Operator addition, subtraction, multiply, divide, modulus 

Bitwise AND, bitwise OR, bitwise exclusive OR, left shift, right shift, complement 
Logical AND, Logical OR, Logical inversion 
Array/vector specifier 



// 

—.!-.<■> 

+,-,*/,% 

&,|A<<,»,~ 

AND,OR,NOT 

[XX:YY] 
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{a, b, c} Concatenation operation 

++f — Increment and decrement 

4.4.1 Register and signal naming conventions 

In general register naming uses the C style conventions with capitalization to denote word delimiters. Sig- 
nals use RTL style notation where underscore denote word delimiters. There is a direct translation between 
both convention. For example the CmdSourceFifo register is equivalent to cmd_source Jifo signal. 

4.5 State machine notation 

State machines should be described using the pseudocode notation outlined above. State machine descrip- 
tions use the convention of underline to indicate the cause of a transition from one state to another and 
plain text (no underline) to indicate the effect of the transition i.e. signal transitions which occur when the 
new state is entered. 

A sample state machine is shown in Figure 1. 

[eS gt — 0 I prst n = 0 
cdu_dlu_freq = o 
ignore_data = 0 



Cdu_d1u_rreq = 1 ^ Reset ^4- 



go -~ Q 
cdu_diu_rreq «= 1 
lgnore_data = 0 



" < I<Mc > 



QQ,*== 1 & 
done band CT n 
cdu_dlu_rreq = 0 
ignore_data = 0 



Figure 1. Example State machine notation 
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5 Printing Considerations 



A bi-lithic pnnthead produces 1600 dpi bi-level dots. On low-diffusion paper, each ejected drop forms a 
22.5um diameter dot. Dots are easily produced in isolation, allowing dispersed-dot dithering to be 
exploited to its fullest. Since the bi-lithic printhead is the width of the page and operates with a constant 
paper velocity, color planes are printed in perfect registration, allowing ideal dot-on-dot printing. Dot-on- 
dot printing minimizes •muddying* of midtones caused by inter-color bleed, 

A page layout may contain a mixture of images, graphics and text. Continuous-tone (contone) images and 
graphics are reproduced using a stochastic dispersed-dot dither. Unlike a clustered-dot (or amplitude-mod- 
ulated) dither, a dispersed-dot (or frequency-modulated) dither reproduces high spatial frequencies (i e 
image detail) almost to the limits of the dot resolution, while simultaneously reproducing lower spatial fre- 
quencies to their full color depth, when spatially integrated by the eye. A stochastic dither matrix is care- 
fully designed to be free of objectionable low-frequency patterns when tiled across the image. As such its 
size typically exceeds the minimum size required to support a particular number of intensity levels (e g 
1 6x1 6x 8 bits for 257 intensity levels). 

Human contrast sensitivity peaks at a spatial frequency of about 3 cycles per degree of visual field and 
then falls off logarithmically, decreasing by a factor of 100 beyond about 40 cycles per degree and becom- 
ing immeasurable beyond 60 cycles per degree [21][22]. At a normal viewing distance of 12 inches (about 
300mm), this translates roughly to 200-300 cycles per inch (cpi) on the printed page, or 400-600 samples 
per inch according to Nyquist's theorem. 

In practice, contone resolution above about 300 ppi is of limited utility outside special applications such as 
medical imaging. Offset printing of magazines, for example, uses contone resolutions in the range 150 to 
300 ppi. Higher resolutions contribute slightly to color error through the dither. 

Black text and graphics are reproduced directly using bi-level black dots, and are therefore not anti-aliased 
(i.e. low-pass filtered) before being printed. Text should therefore be supersampled beyond the perceptual 
limits discussed above, to produce smoother edges when spatially integrated by the eye. Text resolution up 
to about 1200 dpi continues to contribute to perceived text sharpness (assuming low-diffusion paper of 
course). * 

A Netpage printer, for example, may use a contone resolution of 267 ppi (i.e. 1600 dpi / 6), and a black 
text and graphics resolution of 800 dpi. A high end office or departmental printer may use a contone reso- 
lution of 320 ppi (1600 dpi / 5) and a black text and graphics resolution of 1600 dpi. Both formats are 
capable of exceeding the quality of commercial (offset) printing and photographic reproduction. 
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6 Document Data Flow 



6.1 CONSIDERATIONS 

Because of the page-width nature of the bi-lithic printhead, each page must be printed at a constant speed 
to avoid creating visible artifacts. This means that the printing speed can't be varied to match the input 
data rate. Document rasterization and document printing are therefore decoupled to ensure the printhead 
has a constant supply of data. A page is never printed until it is fully rasterizei This can be achieved by 
storing a compressed version of each rasterized page image in memory. 

This decoupling also allows the RIP(s) to run ahead of the printer when rasterizing simple pages, buying 
time to rasterize more complex pages. 

Because contone color images are reproduced by stochastic dithering, but black text and line graphics are 
reproduced directly using dots, the compressed page image format contains a separate foreground bi-level 
black layer and background contone color layer. The black layer is composited over the contone layer after 
the contone layer is dithered (although the contone layer has an optional black component). A final layer 
of Netpage tags (in infrared or black ink) is optionally added to the page for printout. 

Figure 2 shows the flow of a document from computer system to printed page. 




=□ 



Figure 2. Document data flow 
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At 267 ppi for example, a A4 page (8.26 inches x 11.7 inches) of contone CMYK data has a size of 
26.3MB. At 320 ppi, an A4 page of contone data has a size of 37.8MB. Using lossy contone compression 
algorithms such as JPEG [23], contone images compress with a ratio up to 10:1 without noticeable loss of 
quality, giving compressed page sizes of 2,63MB at 267 ppi and 3.78 MB at 320 ppi. 

At 800 dpi, a A4 page of bi-level data has a size of 7.4MB. At 1600 dpi, a Letter page of bi-level data has 
a size of 29.5 MB. Coherent data such as text compresses very well. Using lossless bi-level compression 
| algorithms such as SMG4 fax as discussed in Section 8.1.2.3.1, ten-point plain text compresses with a 

ratio of about 50:1. Lossless bi-level compression across an average page is about 20:1 with 10:1 possible 
for pages which compress poorly. The requirement for SoPEC is to be able to print text at 10:1 compres- 
sion. Assuming 10:1 compression gives compressed page sizes of 0.74 MB at 800 dpi, and 2.95 MB at 
1600 dpi. 

Once dithered, a page of CMYK contone image data consists of 1 1 6MB of bi-level data Using lossless bi- 
level compression algorithms on this data is pointless precisely because the optimal dither is stochastic - 
i.e. since it introduces hard-to-compress disorder. 

Netpage tag data is optionally supplied with the page image. Rather than storing a compressed bi-level 
data layer for the Netpage tags, the tag data is stored in its raw form. Each tag is supplied up to 1 20 bits of 
raw variable data (combined with up to 56 bits of raw fixed data) and covers up to a 6mm x 6mm area (at 
1600 dpi). The absolute maximum number of tags on a A4 page is 15,540 when the tag is only 2mm x 
2mm (each tag is 126 dots x 126 dots, for a total coverage of 148 tags x 105 tags). 15,540 tags of 128 bits 
per tag gives a compressed tag page size of 0.24 MB. 

The multi-layer compressed page image format therefore exploits the relative strengths of lossy JPEG con- 
tone image compression, lossless bi-level text compression, and tag encoding. The format is compact 
enough to be storage-efficient, and simple enough to allow straightforward real-time expansion during 
printing. 

Since text and images normally don't overlap, the normal worst-case page image size is image only, while 
the normal best-case page image size is text only. The addition of worst case Netpage tags adds 0.24MB to 
the page image size. The worst-case page image size is text over image plus tags. The average page size 
assumes a quarter of an average page contains images. Table 1 shows data sizes for compressed Letter 
page for these different options. 



Table 1 . Data sizes for A4 page (8.26 Inches x 11.7 Inches) 







urns 


Image only (contone), 10:1 compression 


2.63 MB 


3.78 MB 


Text only (bi-level), 10:1 compression 


0.74 MB 


2.95 MB 


Netpage tags, 1600 dpi 


0.24 MB 


0.24 MB ! 


Worst case (text + image + tags) 


3.61 MB 


6.67 MB 


Average (text + 25% image + tags) 


1.64 MB 


4.25 MB 



6.2 Document Data Flow 

The Host PC rasterizes and compresses the incoming document on a page by page basis. The page is 
restructured into bands with one or more bands used to construct a page. The compressed data is then 
transferred to the SoPEC device via the USB link. A complete band is stored in SoPEC embedded mem- 
ory. Once the band transfer is complete the SoPEC device reads the compressed data, expands the band, 
normalizes contone, bi-level and tag data to 1600 dpi and transfers the resultant calculated dots to the bi- 
lithic printheadL 

The document data flow is 
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• The RIP software rasterizes each page description and compress the rasterized page image. 

• The infrared layer of the printed page optionally contains encoded Netpage [5] tags at a programmable 
density. 

• The compressed page image is transferred to the SoPEC device via the USB normally on a band by 
band basis. 

• The print engine takes the compressed page image and starts the page expansion. 

• The first stage page expansion consists of 3 operations performed in parallel 

• expansion of the JPEG-compressed contone layer 

• expansion of the SMG4 fax compressed bi-level layer 

• encoding and rendering of the bi-level tag data. 

• The second stage dithers the contone layer using a programmable dither matrix, producing up to four 
bi-level layers at full-resolution. 

• The second stage then composites the bi-level tag data layer, the bi-level SMG4 fax de-compressed 
layer and up to four bi-level JPEG de-compressed layers into the full-resolution page image. 

• A fixative layer is also generated as required. 

• The last stage formats and prints the bi-level data through the bi-lithic printhead via the printhead inter- 
face. 

The SoPEC device can print a full resolution page with 6 color planes. Each of the color planes can be 
generated from compressed data through any channel (either JPEG compressed, bi-level SMG4 fax com- 
pressed, tag data generated, or fixative channel created) with a maximum number of 6 data channels from 
page RIP to bi-lithic printhead color planes. 

The mapping of data channels to color planes is programmable, this allows for multiple color planes in the 
printhead to map to the same data channel to provide for redundancy in the printhead to assist dead nozzle 
compensation. 

Also a data channel could be used to gate data from another data channel. For example in stencil mode, 
data from the bilevel data channel at 1600 dpi can be used to niter the contone data channel at 320 dpi, giv- 
ing the effect of 1600 dpi contone image. 



6.3 Page considerations due to SoPEC 

The SoPEC device typically stores a complete page of document data on chip. The amount of storage 
available for compressed pages is limited to 2Mbytes, imposing a fixed maximum on compressed page 
size. A comparison of the compressed image sizes in Table 1 indicates that SoPEC would not be capable 
| of printing worst case pages unless they are split into bands and printing commences before all the bands 

for the page have been downloaded The page sizes in the table are shown for comparison purposes and 
would be considered reasonable for a professional level printing system. The SoPEC device is aimed at the 
consumer level and would not be required to print pages of that complexity. Target document types for the 
SoPEC device are shown Table 2. 



Table 2, Page content targets for SoPEC 





mm 


litlll 






Best Case picture Image, 267ppi with 3 colors, A4 size 


8.26x11.7x267x267x3 ©10:1 


1.97 


Full page text, 800dpi A4 size 


8.26x11.7x800x800 ® 10:1 


0.74 
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Table 2. Page content targets for SoPEC 







Bill 


Mixed Graphics and Text 

- Image of 6 inches x 4 Inches 6 267 ppi and 3 colors 

- Remaining area text -73 inches 2 , 800 dpi 


6x4x267x267x3 3 5:1 
800x800x73 ©10:1 


1.55 


Best Case Photo, 3 Colors, 6.6 Megapixel Image 


6.6 Mpixel 9 10:1 


2.00 



If a document with more complex pages is required, the page RIP software in the host PC can determine 
that there is insufficient memory storage in the SoPEC for that document In such cases the RIP software 
can take two courses of action. It can increase the compression ratio until the compressed page size will fit 
in the SoPEC device, at the expense of document quality, or divide the page into bands and allow SoPEC 
to begin printing a page band before all bands for that page are downloaded. Once SoPEC starts printing a 
page it cannot stop, if SoPEC consumes compressed data raster than the bands can be downloaded a buffer 
underrun error could occur causing the print to fail. A buffer underrun occurs if line synchronisation pulse 
is received before a line of data has been transferred to the printhead. 

Other options which can be considered if the page does not fit completely into the compressed page store 
are to slow the printing or to use multiple SoPECs to print parts of the page. A Storage SoPEC (Section 
7.2.5) could be added to the system to provide guaranteed bandwidth data delivery. The print system could 
also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide guaranteed data delivery. 
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7 Memjet Printer Architecture 

The SoPEC device can be used in several printer configurations and architectures. 

In the general sense every SoPEC based printer architecture will contain: 

• One or more SoPEC devices. 

• One or more bi-lithic printheads. 

• Two or more LSS busses. 

• Two or more QA chips. 

• USB 1 . 1 connection to host or IS I connection to Bridge Chip. 

| • ISI bus connection between SoPECs (when multiple SoPECs are used). 

Some example printer configurations as outlined in Section 7.2. The various system components are out- 
lined briefly in Section 7.1. 



7.1 System Components 



7.1.1 SoPEC Print Engine Controller 

The SoPEC device contains several system on a chip (SoC) components, as well as the print engine pipe- 
line control application specific logic. 

7. 1 . 1. 1 Print Engine Pipeline (PEP) Logic 

The PEP reads compressed page store data from the embedded memory, optionally decompresses the data 
and formats it for sending to the printhead. The print engine pipeline functionality includes expanding the 
page image, dithering the contone layer, compositing the black layer over the contone layer, rendering of 
Netpage tags, compensation for dead nozzles in the printhead, and sending the resultant image to the bi- 
lithic printhead. 



7. 1 . 1 . 2 Embedded CPU 

SoPEC contains an embedded CPU for general purpose system configuration and management. The CPU 
performs page and band header processing, motor control and sensor monitoring (via the GPIO) and other 
system control functions. The CPU can perform buffer management or report buffer status to the host. The 
CPU can optionally run vendor application specific code for general print control such as paper ready 
monitoring and LED status update. 



7. 1 1. 3 Embedded Memory Buffer 

A 2.5Mbyte embedded memory buffer is integrated onto the SoPEC device, of which approximately 
2Mbytes are available for compressed page store data. A compressed page is divided into one or more 
bands, with a number of bands stored in memory. As a band of the page is consumed by the PEP for prints 
ing a new band can be downloaded. The new band may be for the current page or the next page. 

Using banding it is possible to begin printing a page before the complete compressed page is downloaded, 
but care must be taken to ensure that data is always available for printing or a buffer underrun may occur. 

An Storage SoPEC acting as a memory buffer (Section 7.2.5) or an ISl-Bridge chip with attached DRAM 
(Section 7.2.6) could be used to provide guaranteed data delivery. 
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7. 1 . 1.4 Embedded USB 1. 1 Device 



The embedded USB l.l device accepts compressed page data and control commands from the host PC, 
and facilitates the data transfer to either embedded memory or to another SoPEC device in multi-SoPEC 
systems. 



7.1.2 Bi-lithic Printhead 



The printhead is constructed by abutting 2 printhead ICs together. The printhead ICs can vary in size from 
2 inches to 8 inches, so to produce an A4 printhead several combinations are possible. For example two 
printhead ICs of 7 inches and 3 inches could be used to create a A4 printhead (the notation is 7:3). Simi- 
larly 6 and 4 combination (6:4), or 5:5 combination. For an A3 printhead it can be constructed from 8:6 or 
an 7:7 printhead IC combination. For photographic printing smaller printheads can be constructed. 



7.1.3 LSS i nterf ace bus 



Each SoPEC device has 2 LSS system buses for communication with QA devices for system authentica- 
tion and ink usage accounting. The number of Q A devices per bus and their position in the system is unre- 
stricted with the exception that PRINTER JQA and INKJQA devices should be on separate LSS busses 



7.1.4 QA devices 



Each SoPEC system can have several QA devices. Normally each printing SoPEC will have an associated 
PRINTER_QA. Ink cartridges will contain an INKjQA chip. PRINTER _QA and INKJQA devices should 
be on separate LSS busses. All QA chips in the system are physically identical with flash memory contents 
defining PRINTER JQA from INKjQA chip. 



7.1.5 ISNnterface 



The Inter-SoPEC Interface (ISI) provides a communication channel between SoPECs in a multi-SoPEC 
system. The ISIMaster can be SoPEC device or an ISI-Bridge chip depending on the printer configuration. 
Both compressed data and control commands are transferred via the interface. 



7.1.6 ISI-B ridge Chip 



A device, other than a SoPEC with a USB connection, which provides print data to a number of slave 
SoPECs. A bridge chip will typically have a high bandwidth connection, such as USB2.0, Ethernet or 
IEEE 1394, to a host and may have an attached external DRAM for compressed page storage. A bridge 
chip would have one or more ISI interfaces. The use of multiple ISI buses would allow the construction of 
independent print systems within the one printer. The ISI-Bridge would be the ISIMaster for each of the 
ISI buses it interfaces to. 



7.2 Possible SoPEC Systems 



Several possible SoPEC based system architectures exist. The following sections outline some possible 
architectures. It is possible to have extra SoPEC devices in the system used for DRAM storage. The QA 
chip configurations shown are indicative of the flexibility of LSS bus architecture, but not limited to those 
configurations. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 19 



SoPEC : Hardware Design 



7.2.1 A4 Simplex with 1 SoPEC device 



USB from Host £ 




£^ high speed 
low speed 



printhead assembly 
— — — — — — — — — — — _ _ — j 

Figure 3. Single SoPEC A4 Simplex system 

In Figure 3, a single SoPEC device can be used to control two printhead ICs. The SoPEC receives com- 
pressed data through the USB device from the host. The compressed data is processed and transferred to 
the printhead. 



7.2.2 A4 Duplex with 2 SoPEC devices 



USB from Host 




highspeed 
low speed 



Figure 4. Dual SoPEC A4 Duplex system 

In Figure 4, two SoPEC devices are used to control two bi-lithic printheads, each with two printhead ICs. 
Each bi-lithic printhead prints to opposite sides of the same page to achieve duplex printing. The SoPEC 
connected to the USB is the ISIMaster SoPEC, the remaining SoPEC is an ISISlave. The ISIMaster 
receives all the compressed page data for both SoPECs and re-distributes the compressed data over the 
Inter-SoPEC Interface (ISI) bus. 
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53 



Ft may not be possible to print an A4 page every 2 seconds in this configuration since the USB 1 . 1 connec- 
tion to the host may not have enough bandwidth. An alternative would be for each SoPEC to have its own 
USB LI connection. This would allow a faster average print speed. 



7.2.3 A3 Simplex wrth 2 SoPEC devices 



i replaceable j 
i Ink cartridge \ 
l I 



USB from Host 




£^ high apeed 
low speed 



. _ pjinthead assembly 

Figure 5. Dual SoPEC A3 simplex system 



In Figure 5, two SoPEC devices are used to control one A3 bi-lithic printhead. Each SoPEC controls only 
one printhead IC (the remaining PHI port typically remains idle). The USB 1.1 connection defines the ISI- 
Master SoPEC. In this dual SoPEC configuration the compressed page store data is split across 2 SoPECs 
giving a total of 4Mbyte page store, this allows the system to use compression rates as in an A4 architec- 
ture, but with the increased page size of A3. The ISIMaster receives all the compressed page data for all 
SoPECs and re-distributes the compressed data over the Inter-SoPEC Interface (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
to have its own USB 1.1 connection. This would allow a faster average print speed. 
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7.2.4 A3 Duplex with 4 SoPEC devices 



J" ~ replaceable "JJ" rejtfaceabie " "1 
, ink cartridge lt Ink cartridge 




erinthead esserribty 



Figure 6. Quad SoPEC A3 duplex system 



Tn Figure 6 a 4 SoPEC system is shown. It contains 2 A3 bi-Iithic printheads, one for each side of an A3 
page. Each printhead contain 2 printhead ICs, each printhead IC is controlled by an independent SoPEC 
device, with the remaining PHI port typically unused. Again the USB 1.1 connection defines the ISIMaster 
with the other SoPECs as ISISIaves. In total, the system contains 8Mbytes of compressed page store 
(2Mbytes per SoPEC), so the increased page size does not degrade the system print quality, from that of an 
A4 simplex printer. The ISIMaster receives all the compressed page data for all SoPECs and re-distributes 
the compressed data over the Inter-SoPEC Interface (ISI) bus. 

It may not be possible to print an A3 page every 2 seconds in this configuration since the USB 1.1 connec- 
tion to the host will only have enough bandwidth to supply 2Mbytes every 2 seconds. Pages which require 
more than 2MBytes every 2 seconds will therefore print slower. An alternative would be for each SoPEC 
or set of SoPECS on the same side of the page to have their own USB 1.1 connection. This would allow a 
faster average print speed. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 22 



SoPEC : Hardware Design 



7.2.5 SoPEC DRAM storage solution: A4 Simplex with 1 printing SoPEC and 1 memory SoPEC 



USB from Host < 



ISI 




SoPEC 
Device #0 




A4 BMHhiC I 
printhead 1 


!=) 





highspeed 
low speed 



SoPEC I SoPEC used 
Device #1 I as DRAM storaflo 



I printhead assembly 

«- — — _ , — _ j 

Figure 7. SoPEC A4 Simplex system with extra SoPEC used as ORAM storage 



Extra SoPECs can be used for DRAM storage e.g. in Figure 7 an A4 simplex printer can be built with a 
single extra SoPEC used for DRAM storage. The DRAM SoPEC can provide guaranteed bandwidth deliv- 
ery of data to the printing SoPEC. SoPEC configurations can have multiple extra SoPECs used for DRAM 
storage. 
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7.2.6 ISI-Bridge chip solution: A3 Duplex system with 4 SoPEC devices 



r — — *l 

I replaceable j 
r ink cartridge i 




Figure 8. A3 duplex system featuring four printing SoPECs 



In Figure 8, an ISI-Bridge chip provides slave-only ISI connections to SoPEC devices. Figure 8 shows a 
ISI-Bridge chip with 2 separate ISI ports. The ISI-Bridge chip is the ISIMaster on each of the ISI busses it 
is connected to. All connected SoPECs are ISISlaves. The ISI-Bridge chip will typically have a high band- 
width connection to a host and may have an attached external DRAM for compressed page storage. 

An alternative to having a ISI-Bridge chip would be for each SoPEC or each set of SoPECs on the same 
side of a page to have their own USB 1.1 connection. This would allow a faster average print speed. 
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8 Page Format and Printflow 

When rendering a page, the RIP produces a page header and a number of bands (a non-blank page requires 
at least one band) for a page. The page header contains high level rendering parameters, and each band 
contains compressed page data. The size of the band will depend on the memory available to the RIP, the 
speed of the RIP, and the amount of memory remaining in SoPEC while printing the previous band(s). Fig- 
ure 9 shows the high level data structure of a number of pages with different numbers of bands in the page. 



blank page 



single band page 



2 band page 



page header 



page header 



page header 



band 0 



band 1 



mufti band page 



page header 



band 0 



band n 



Figure 9. Pages containing different numbers of bands 



Each compressed band contains a mandatory band header, an optional bi-level plane, optional sets of inter- 
leaved contone planes, and an optional tag data plane (for Netpage enabled applications). Since each of 
these planes is optional 1 , the band header specifies which planes are included with the band. Figure 10 
gives a high-level breakdown of the contents of a page band. 



band header 



bWevel plane 



contone plane 



tag data plane 
Figure 10. Contents of a page band 

A single SoPEC has maximum rendering restrictions as follows: 

• 1 bi-level plane 

• 1 contone interleaved plane set containing a maximum of 4 contone planes 

• 1 tag data plane 

• a bi-lithic printhead with a maximum of 2 printhead ICs 
The requirement for single-sided A4 single SoPEC printing is 

• average contone JPEG compression ratio of 10: 1 , with a local minimum compression ratio of 5: 1 for a 
single line of interleaved JPEG blocks. 



1 . Although a band must contain at least one plane 
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• average bi-level compression ratio of 10:1, with a local minimum compression ratio of 1:1 for a single 
line. 

If the page contains rendering parameters that exceed these specifications, then the RIP or the Host PC 
must split the page into a format that can be handled by a single SoPEC. 

In the general case, the SoPEC CPU must analyze the page and band headers and generate an appropriate 
set of register write commands to configure the units in SoPEC for that page. The various bands are passed 
to the destination SoPEC(s) to locations in DRAM determined by the host. 

The host keeps a memory map for the DRAM, and ensures that as a band is passed to a SoPEC, it is stored 
in a suitable free area in DRAM. Each SoPEC is connected to the ISI bus or USB bus via its Serial com- 
munication Block (SCB). The SoPEC CPU configures the SCB to allow compressed data bands to pass 
from the USB or ISI through the SCB to SoPEC DRAM. Figure 1 1 shows an example data flow for a page 
destined to be printed by a single SoPEC. Band usage information is generated by the individual SoPECs 
and passed back to the host. 



Host RIP 



page/band header 



bi-level plane 



oontone interleaved 
plane 



tag data plane 
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passed through 



SoPEC'a ORAM 



passed through. 



passed through 



passed through 



page/band header 



bi -level plane 




corrtone interleaved 
plane 



tag data plane 



register commands ^ 



CPU 



SoPEC's Registers 



Figure 11. Page data path from host to SoPEC 

SoPEC has an addressing mechanism that permits circular band memory allocation, thus facilitating easy 
memory management. However it is not strictly necessary that all bands be stored together. As long as the 
appropriate registers in SoPEC are set up for each band, and a given band is contiguous 1 , the memory can 
be allocated in any way. 



1 . Contiguous allocation also includes wrapping around in SoPEC's band store memory. 
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8.1 Print engine example page format 

This section describes a possible format of compressed pages expected by the embedded CPU in SoPEC, 
The format is generated by software in the host PC and interpreted by embedded software in SoPEC. This 
section indicates the type of information in a page format structure, but implementations need not be lim- 
ited to this format The host PC can optionally perform the majority of the header processing. 

The compressed format and the print engines are designed to allow real-time page expansion during print- 
ing, to ensure that printing is never interrupted in the middle of a page due to data underrun. 

The page format described here is for a single black bi-level layer, a contone layer, and a Netpage tag 
layer. The black bi-level layer is defined to composite over the contone layer. 

The black bi-level layer consists of a bitmap containing a 1-bit opacity for each pixel. This black layer 
matte has a resolution which is an integer or non-integer factor of the printer's dot resolution. The highest 
supported resolution is 1600 dpi, i.e. the printer's full dot resolution. 

The contone layer, optionally passed in as YCrCb, consists of a 24-bit CMY or 32-bit CMYK color for 
each pixel. This contone image has a resolution which is an integer or non-integer factor of the printer's 
dot resolution. The requirement for a single SoPEC is to support 1 side per 2 seconds A4/Letter printing at 
a resolution of 267 ppi, i.e. one-sixth the printer's dot resolution. 

Non-integer scaling can be performed on both the contone and bi-level images. Only integer scaling can be 
performed on the tag data. 

The black bi-level layer and the contone layer are both in compressed form for efficient storage in the 
printer's internal memory. 



8.1.1 Page structure 



A single SoPEC is able to print with full edge bleed for Letter and A3 via different stitch part combina- 
tions of the bi-lithic printhead. It imposes no margins and so has a printable page area which corresponds 
to the size of its paper. The target page size is constrained by the printable page area, less the explicit (tar- 
get) left and top margins specified in the page description. These relationships are illustrated below. 



target top margin 



- target page 

- printable page area 
(physical page) 



target bottom margin 



Figure 12. Page structure 
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8.1.2 Compressed page format 

Apart from being implicitly defined in relation to the printable page area, each page description is com- 
plete and self-contained. There is no data stored separately from the page description to which the page 
description refers. The page description consists of a page header which describes the size and resolution 
of the page, followed by one or more page bands which describe the actual page content 

& 1 . 2. 1 Page header 

Table 3 shows an example format of a page header. 

Table 3. Page header format 



PJlP 



signature 


16-bit integer 


Page header format signature. 


version 


16-bit integer 


Page header format version number 


structure size 


16-bit integer 


Size of page header. 


band count 


16-bit integer 


Number of bands specified for this page. 


target resolution (dpi) 


16-bit integer 


Resolution of target page. This is always 1600 for the Memjet 
printer. 


target page width 


16-bit integer 


W/kfth rvf mot nnnA in Hrvtc 
vviuui VI laiyot pcigc, in uOlS. 


target page height 


32-brt integer 


Height of target page, in dots. 


target left margin tor black and 
contone 


16-Wt integer 


Width of target left margin, in dots, for black and contone. 


target top margin for black and 
contone 


16-bit integer 


Height of target top margin, in dots, for Wack and contone. 


target right margin for black and 
contone 


16-bit integer 


Width of target right margin, in dots, for black and contone. 


target bottom margin for black 
and contone 


16-bit integer 


Height of target bottom margin, in dots, for black and contone. 


target left margin for tag3 


16-bit integer 


Width of target left margin, in dots, for tags. 


target top margin for tags 


16-bit integer 


Height of target top margin, in dots, for tags. 


target right margin for tags 


16-bit integer 


Width of target right margin, in dots, for tags. 


target bottom margin for tags 


16-bit integer 


Height of target bottom margin, in dots, for tags. 


generate tags 


16-Wt integer 


Specifies whether to generate tags for this page (0 - no, 1 - 
yes). 


fixed tag data 


128-bit integer 


This is only valid if generate tags is set 


tag vertical scale factor 


16-bit integer 


Scale factor in vertical direction from tag data resolution to tar- 
get resolution. Valid range = 1-511. Integer scaling only 


tag horizontal scale factor 


16-bit integer 


Scale factor in horizontal direction from tag data resolution to 
target resolution. Valid range = 1-511. Integer scaling only. 


bi-level layer vertical scale factor 


16-bit integer 


Scale factor in vertical direction from bMeveJ resolution to tar- 
get resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 



SoPEC relics on dither matrices and tag structures to have already been set up, but these are not considered to be part of a general page 
format. It is trivial to extend the page format to allow exact specification of dither matrices and tag structures. 
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Table 3. Page header format 









bMevel layer horizontal scale fac- 
tor 


16-bit integer 


Scale factor in horizontal direction from bHevel resolution to 
target resolution (must be 1 or greater). May be non-integer. 
Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator. 


bMevel layer page width 


16- bit integer 


Width of bHevel layer page, in pixels. 


bHevel layer page height 


32-bit integer 


Height of bHevel layer page, in pixels. 


contone flags 


16 bit integer 


Defines the color conversion that is required for the JPEG 
data. 

Bits 2-0 specify how many contone planes there are (e.g. 3 for 
CMY and 4 for CMYK). 

Bit 3 specifies whether the first 3 color planes need to be con- 
verted back from YCrCb to CMY. Only valid If b2-0 = 3 or 4. 

0 - no conversion, leave JPEG colors alone 

1 - color convert 

Bits 7-4 specifies whether the YCrCb was generated directly 
from CMY, or whether It was convened to RGB first via the 
step: R = 255-C, G = 255-M, B = 255-Y. Each of the color 
planes can be individually inverted. 
Bit 4: 

0 - do not invert color plane 0 

1 - invert color plane 0 
Bit 5: 

0 - do not invert color plane 1 

1 - invert color plane 1 
Bit 6: 

0 - do not invert color plane 2 

1 - invert color plane 2 
Bit 7: 

0 - do not invert color plane 3 

1 - invert color plane 3 

Bit 8 specifies whether the contone data is JPEG compressed 
or non-compressed: 

0 - JPEG compressed 

1 - non-compressed 

The remaining bits are reserved (0). 


contone vertical scale factor 


16-bit Integer 


Scale factor in vertical direction from contone channel resolu- 
tion to target resolution. Valid range = 1 -255. May be non-inte- 
ger. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 8 bits the denominator 


contone horizontal scale factor 


1 6-bit integer 


Scale factor in horizontal direction from contone channel reso- 
lution to target resolution. Valid range = 1-255. May be non- 
integer. 

Expressed as a fraction with upper 8-bits the numerator and 
the lower 6 bits the denominator. 


contone page width 


16-bit integer 


Width of contone page, in contone pixels. 


contone page height 


32-bit integer 


Height of contone page, in contone pixels. 


reserved 


up to 128 
bytes 


Reserved and 0 pads out page header to multiple of 128 
bytes. 



The page header contains a signature and version which allow the CPU to identify the page header format. 
If the signature and/or version are missing or incompatible with the CPU, then the CPU can reject the 
page. 
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The contone flags define how many contone layers are present, which typically is used for denning 
whether the contone layer is CMY or CMYK. Additionally, if the color planes are CMY, they can be 
optionally stored as YCrCb, and further optionally color space converted from CMY directly or via RGB. 
Finally the contone data is specified as being either JPEG compressed or non-compressed 

The page header defines the resolution and size of the target page. The bi-level and contone layers are 
clipped to the target page if necessary. This happens whenever the bi-level or contone scale factors are not 
factors of the target page width or height. 

The target left, top, right and bottom margins define the positioning of the target page within the printable 
page area. 

The tag parameters specify whether or not Netpage tags should be produced for this page and what orien- 
tation the tags should be produced at (landscape or portrait mode). The fixed tag data is also provided. 

The contone, bi-level and tag layer parameters define the page size and the scale factors. 

8. 1. 2. 2 Band format 

Table 4 shows the format of the page band header. 



Table 4. Band header format 







signature . 


16-bit integer 


Page band header format signature. 


version 


16-bit integer 


Page band header format version number. 


structure size 


16-bit integer 


Size of page band header 


bi-level layer band height 


16-bit integer 


Height of bi-level layer band, in black pixels. 


bHevel layer band data size 


32-bH integer 


Size of bMeveJ layer band data, in bytes. 


contone band height 


16-brt integer 


Height of contone band, In contone pixels. 


contone band data size 


32-bit integer 


Size of contone plane band data, in bytes. 


tag band height 


16-bit integer 


Height of tag band, In dots. 


tag band data size 


32-bit integer 


Size of unencoded tag data band, in bytes. 
Can be 0 which indicates that no tag data is 
provided. 


reserved 


up to 1 28 
bytes 


Reserved and 0 pads out band header to 
multiple of 128 bytes. 



The bi-level layer parameters define the height of the black band, and the size of its compressed band data. 
The variable-size black data follows the page band header 

The contone layer parameters define the height of the contone band, and the size of its compressed page 
data. The variable-size contone data follows the black data. 

The tag band data is the set of variable tag data half-lines as required by the tag encoder. The format of the 
tag data is found in Section 26.5.2. The tag band data follows the contone data. 

Table 5 shows the format of the variable-size compressed band data which follows the page band header. 



Table 5. Page band data format 







mmmmmim 


black data 


Modified G4 facsimile bitstream 1 


Compressed bi-level layer. 


contone data 


JPEG bytestream 


Compressed contone datalayer. 


tag data map 


Tag data array 


Tag data format. See Section 26.5.2. 
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, See section 8.1.2.3 on page 31 for note regarding the use of this standard 

The start of each variable-size segment of band data should be aligned to a 256-bit DRAM word boundary. 

The following sections describe the format of the compressed bi-level layers and the compressed contone 
layer, section 26.5.1 on page 365 describes the format of the tag data structures. 

8.1.2.3 Bi-level data compression 

The (typically 1600 dpi) black bi-level layer is losslessly compressed using Silverbrook Modified Group 4 
(SMG4) compression which is a version of Group 4 Facsimile compression [18] without Huffman and 
with simplified run length encodings. Typically compression ratios exceed 1 0: 1 . The encoding are listed in 
Table 6 and Table 7 



Table 6. Bi-Level group 4 facsimile style compression encodings 







mmmmmsmm 


Imlte 


1000 


Pass Command: aO <- b2, skip next two edges 


1 


Verttcal(0): aO <- b1 , color = Icolor 


I 
if 


110 


Vertical(1): aO <- b1 + 1, color = Icolor 




010 


Vertical(-I): aO <- b1 - 1 , color = Icolor 


i 9 


110000 


VerticaJ(2): aO «- b1 + 2, color = Icolor 


S o 


010000 


Vertical(-2): aO <- b1 - 2, color = Icolor 


> this 
1 tation 


100000 


Vertical(3): aO <— b1 + 3, color = Icolor 


000000 


Vertical(-3): aO <- b1 - 3, color = looior 




<RL><RL>100 


Horizontal: aO <- aO + <RL> + <RL> 


11 
If 







SMG4 has a pass through mode to cope with local negative compression. Pass through mode is activated 
by a special run-length code. Pass through mode continues to either end of line or for a pre-programmed 
number of bits, whichever is shorter. The special run-length code is always executed as a run-length code, 
followed by pass through. The pass through escape code is a medium length run-length with a run of less 
than or equal to 31. 



Table 7. Run length (RL) encodings 





■NMNManMiittHM 




RRRRR1 


Short Black Runlength (5 bits) 




RRRRR1 


Short White Runlength (5 bits) 




RRRRRRRRRR10 


Medium Black Runlength (10 bits) 




RRRRRRRR10 


Medium White Runlength (8 bits) 


c 

CO O 


RRRRRRRRRR10 


Medium Black Runlength with RRRRRRRRRR <= 31. 
Enter pass through 


eto thi 
nentati 


RRRRRRRR10 


Medium White Runlength with RRRRRRRR <= 31 , 
Enter pass through 


ft 


RRRRRRRRRRRRRRROO 


Long Black Runlength (15 bits) 




RRRRRRRRRRRRRRROO 


Long White Runlength (15 bits) 
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Since the compression is a bitstream, the encodings are read right (least significant bit) to left (most signif- 
icant bit). The run lengths given as RRRR in Table 7 are read in the same way (least significant bit at the 
right to most significant bit at the left). 

Each band of bi-level data is optionally self contained The first line of each band therefore is based on a 
'previous* blank line or the last line of the previous band. 

8.1.2.3.1 Group 3 and 4 facsimile compression 

The Group 3 Facsimile compression algorithm [18] losslessly compresses bi-level data for transmission ♦ 
over slow and noisy telephone lines. The bi-level data represents scanned black text and graphics on a 
white background, and the algorithm is tuned for this class of images (it is explicitly not tuned, for exam- 
ple, for halftoned bi-level images). The ID Group 3 algorithm ninlength-encodes each scanline and then 
Huffman-encodes the resulting runlengths. Runlengths in the range 0 to 63 are coded with terminating 
codes. Runlengths in the range 64 to 2623 are coded with make-up codes, each representing a multiple of 
64, followed by a terminating code. Runlengths exceeding 2623 are coded with multiple make-up codes 
followed by a terminating code. The Huffman tables are fixed, but are separately tuned for black and white 
runs (except for make-up codes above 1728, which are common). When possible, the 2D Group 3 algo- 
rithm encodes a scanline as a set of short edge deltas (0, ±1, ±2, ±3) with reference to the previous scan- 
line. The delta symbols are entropy-encoded (so that the zero delta symbol is only one bit long etc.) Edges 
within a 2D-encoded line which can't be delta-encoded are runlength-encoded, and are identified by a pre- 
fix. ID- and 2D-encoded lines are marked differently. ID-encoded lines are generated at regular intervals, 
whether actually required or not, to ensure that the. decoder can recover from line noise with minimai 
image degradation. 2D Group 3 achieves compression ratios of up to 6:1 [28]. 

The Group 4 Facsimile algorithm [18] losslessly compresses bi-level data for transmission over error-free 
communications lines (i.e. the lines are truly error-free, or error-correction is done at a lower protocol 
level). The Group 4 algorithm is based on the 2D Group 3 algorithm, with the essential modification that 
since transmission is assumed to be error-free, ID-encoded lines are no longer generated at regular inter- 
vals as an aid to error-recovery. Group 4 achieves compression ratios ranging from 20:1 to 60:1 for the 
CCITT set of test images [28]. 

The design goals and performance of the Group 4 compression algorithm qualify it as a compression algo- 
rithm for the bi-level layers. However, its Huffman tables are tuned to a lower scanning resolution (100- 
400 dpi), and it encodes runlengths exceeding 2623 awkwardly. 

8.1.2.4 Con tone data compression 

The contone layer (CMYK) is either a non-compressed bytestream or is compressed to an interleaved 
JPEG bytestream. The JPEG bytestream is complete and self-contained. It contains all data required for 
decompression, including quantization and Huffman tables. 

The contone data is optionally converted to YCrCb before being compressed (there is no specific advan- 
tage in color-space converting if not compressing). Additionally, the CMY contone pixels are optionally 
converted (on an individual basis) to RGB before color conversion using R=255-C, G=255-M, B-255-Y. 
Optional bitwise inversion of the K plane may also be performed. Note that this CMY to RGB conversion 
is not intended to be accurate for display purposes, but rather for the purposes of later converting to 
YCrCb. The inverse transform will be applied before printing. 

8.1.2.4.1 JPEG compression 

The JPEG compression algorithm [23] lossily compresses a contone image at a specified quality level. It 
introduces imperceptible image degradation at compression ratios below 5:1, and negligible image degra- 
dation at compression ratios below 10:1 [29]. 
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JPEG typically first transforms the image into a color space which separates luminance and chrominance 
into separate color channels. This allows the chrominance channels to be subsampled without appreciable 
loss because of the human visual system's relatively greater sensitivity to luminance than chrominance. 
After this first step, each color channel is compressed separately. 

The image is divided into 8x8 pixel blocks. Each block is then transformed into the frequency domain via 
a discrete cosine transform (DCT). This transformation has the effect of concentrating image energy in rel- 
atively lower-frequency coefficients, which allows higher-frequency coefficients to be more crudely quan- 
tized. This quantization is the principal source of compression in JPEG. Further compression is achieved 
by ordering coefficients by frequency to maximize the likelihood of adjacent zero coefficients, and then 
runlength-encoding runs of zeroes. Finally, the runlengths and non-zero frequency coefficients are entropy 
coded. Decompression is the inverse process of compression. 

8.1.2.4.2 Non-compressed format ' 

If the contone data is non-compressed, it must be in a block-based format bytestream with the same pixel 
order as would be produced by a JPEG decoder. The bytestream therefore consists of a series of 8x8 block 
of the original image, starting with the top left 8x8 block, and working horizontally across the page (as it 
will be printed) until the top rightmost 8x8 block, then the next row of 8x8 blocks (left to right) and so on 
until the lower row of 8x8 blocks (left to right). Each 8x8 block consists of 64 8-bit pixels for color plane 
0 (representing 8 rows of 8 pixels in the order top left to bottom right) followed by 64 8-bit pixels for color 
plane 1 and so on for up to a maximum of 4 color planes. 

If the original image is not a multiple of 8 pixels in X or Y, padding must be present (the extra pixel data 
will be ignored by the setting of margins). 

8.1.2.4.3 Compressed format 

If the contone data is compressed the first memory band contains JPEG headers (including tables) plus 
MCUs (minimum coded units). The ratio of space between the various color planes in the JPEG stream is 
1:1:1:1. No subsampling is permitted- Banding can be completely arbitrary i.e there can be multiple JPEG 
images per band or 1 JPEG image divided over multiple bands. The break between bands is only memory 
alignment based. 

8.1.2.4.4 Conversion of RGB to YCrCb (in RIP) 

YCrCb is defined as per CCIR 601-1 [20] except that Y, Cr and Cb are normalized to occupy all 256 levels 
of an 8-bit binary encoding and take account of the actual hardware implementation of the inverse trans- 
form within SoPEC. 

The exact color conversion computation is as follows: 

• Y* = (9805/32768)R + (19235/32768)G + (3728/32768)B 

• Cr* = (16375/32768)R - (!3716732768)G - (2659/32768)B + 128 

• Cb* = -(5529/32768)R . (10846/32768)G + (16375/32768)B + 1 28 

Y f Cr and Cb are obtained by rounding to the nearest integer. There is no need for saturation since ranges 
of Y*, Cr* and Cb* after rounding are [0-255], [1-255] and [1-255] respectively. Note that full accuracy is 
possible with 24 bits. See [14] for more information. 
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SoPEC ASIC 
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9 Overview 



The Small Office Home Office Print Engine Controller (SoPEC) is a page rendering engine ASIC that 
takes compressed page images as input, and produces decompressed page images at up to 6 channels of bi- 
levei dot data as output. The bi-leve! dot data is generated for the Memjet bi-lithic printhead The dot gen- 
eration process takes account of printhead construction, dead nozzles, and allows for fixative generation. 

A single SoPEC can control 2 bi-lithic printheads and up to 6 color channels at 10,000 lines/sec 1 , equating 
to 30 pages per minute. A single SoPEC can perform full-bleed printing of A3, A4 and Letter pages. The 6 
channels of colored ink are the expected maximum in a consumer SOHO, or office Bi-lithic printing envi- 
ronment: 

• CMY, for regular color printing. 

• K, for black text, line graphics and gray-scale printing. 

• IR (infrared), for Netpage-enabled [5] applications. 

• F (fixative), to enable printing at high speed Because the bi-lithic printer is capable of printing so fast, 
a fixative may be required to enable the ink to dry before the page touches the page already printed! 
Otherwise the pages may bleed on each other. In low speed printing environments the fixative may not 
be required 

SoPEC is color space agnostic. Although it can accept contone data as CMYX or RGBX, where X is an 
optional 4th channel, it also can accept contone data in any print color space. Additionally, SoPEC pro- 
vides a mechanism for arbitrary mapping of input channels to output channels, including combining dots 
for ink optimization, generation of channels based on any number of other channels etc. However, inputs 
are typically CMYK for contone input, K for the bi-level input, and the optional Netpage tag dots are typ- 
ically rendered to an infra-red layer. A fixative channel is typically generated for fast printing applications. 

SoPEC is resolution agnostic. It merely provides a mapping between input resolutions and output resolu- 
tions by means of scale factors. The expected output resolution is 1600 dpi, but SoPEC actually has no 
knowledge of the physical resolution of the Bi-lithic printhead 

SoPEC is page-length agnostic. Successive pages are typically split into bands and downloaded into the 
page store as each band of information is consumed and becomes free. 

SoPEC provides an interface for synchronization with other SoPECs. This allows simple muln-SoPEC 
solutions for simultaneous A3/A4/Letter duplex printing. However, SoPEC is also capable of printing only 
a portion of a page image. Combining synchronization functionality with partial page rendering allows 
multiple SoPECs to be readily combined for alternative printing requirements including simultaneous 
duplex printing and wide format printing. 

Table 8 lists some of the features and corresponding benefits of SoPEC. 
Table 8. Features and Benefits of SoPEC 



I 




Optimised print architecture in hardware 30ppm full page photographic quality color printing 
from a desktop PC 



0.1 3micron CMOS Highspeed 
(>3 million transistors) Low cost 
High functionality 



1 . 1 0,000 lines per second equates to 30 A4/Letter pages per minute at 1 600 dpi 
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Table 8. Features and Benefits of SoPEC 







900 Million dots per second 


Extremely fast page generation 


10,000 lines per second at 1 600 dpi 


0.5 A4/Letter pages per SoPEC chip per second 


1 chip drives up to 133,920 nozzles 


Low cost page-width printers 


1 chip drives up to 6 color planes 


99% of SoHo nrinf<>rQ r*an n«o 1 CaDCP w~i!a A 


Integrated ORAM 


No external memory required, leading to low cost 
systems 


Power saving sleep mode 


SoPEC can enter a power saving sleep mode to 
reuuce power aisstpauon o etwee n pnnt jobs 


JPEG expansion 


Low bandwidth from PC 

Low memory requirements in printer 


Lossless bitpfane expansion 


High resolution text and line art with low bandwidth 
from rO (e.g. over USB) 


Netoaae tao expansion 


Generates interactive paper 




Optically smooth image quality 
No moire effects 


Hardware compositor for 6 image planes 


Pages composited in real-time 




Extends printhead life and yield 
Reduces printhead cost 


Color space agnostic 

* 


Compatible with all inksets and image sources 
Including RGB, CMYK, spot, CIE L*a*b\ hex- 
achrome, YCrCbK, sRGB and other 


Color space conversion 


Higher quality / lower bandwidth 


Computer interface 


USB1.1 interface to Host and IS! interface to ISI- 
Bridge chip thereby allowing connection to IEEE 
1394, Bluetooth etc. 


Cascadable in resolution 


Printers of any resolution 


Cascadable In color depth 


Special color sets e.g. hexachrome can be used 


Cascadable in image size 


Printers of any width up to 16 Inches 


Cascadable In pages 


Printers can print both sides simultaneously 


Cascadable in speed 


Higher speeds are possible by having each SoPEC 
print one vertical strip of the page. 


Fixative channel data generation 


Extremely fast ink drying without wastage 


Built-in security 


Revenue models are protected 


Undercolor removal on dot-by-dot basis 


Reduced ink usage 


Does not require fonts for high speed 
operation 


No font substitution or missing fonts 


Flexible printhead configuration ! 


Many configurations of printheads are supported by 
one chip type 


Drives BMithic printheads directiy 


No print driver chips required, results in lower cost 


Determines dot accurate ink usage 


Removes need for physical ink monitoring system in 
ink cartridges 



9,1 Printing rates 

The required printing rate for SoPEC is 30 sheets per minute with an inter-sheet spacing of 4 cm. To 
achieve a 30 sheets per minute print rate, this requires: 
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300mm x 63 (dot/mm) / 2 sec = 1 05.8 ^seconds per line, with no inter-sheet gap. 

340mm x 63 (dot/mm) / 2 sec = 93.3 useconds per line, with a 4 cm inter-sheet gap. 
A Printline for an A4 page consists of 13824 nozzles across the page [2]. At a system clock rate of 160 
MHz 13824 dots of data can be generated in 86.4 useconds. Therefore data can be generated fast enough 
to meet the printing speed requirement It is necessary to deliver this print data to the print-heads. 

Printheads can be made up of 5:5, 6:4, 7:3 and 8:2 inch printhead combinations [2]. Print data is trans- 
ferred to both print heads in a pair simultaneously. This means the longest time to print a tine is determined 
by the time to transfer print data to the longest print segment. There are 9744 nozzles across a 7 inch print- 
head The print data is transferred to the printhead at a rate of 106 MHz (2/3 of the system clock rate) per 
| color plane. This means that it will take 91.9 jis to transfer a single line for a 7:3 printhead configuration. 

So we can meet the requirement of 30 sheets per minute printing with a 4 cm gap with a 7:3 printhead 
combination. There are 1 1 1 60 across an 8 inch printhead To transfer the data to the printhead at 1 06 MHz 
will take 105.3 us. So an 8:2 printhead combination printing with an inter-sheet gap will print slower than 
30 sheets per minute. 

9.2 SOPEC BASIC ARCHITECTURE 

From the highest point of view the SoPEC device consists of 3 distinct subsystems 

• CPU Subsystem 

• DRAM Subsystem 

• Print Engine Pipeline (PEP) Subsystem 
See Figure 1 3 for a block level diagram of SoPEC. 

CPU Subsystem 

The CPU subsystem controls and configures all aspects of the other subsystems. It provides general sup- 
port for interfacing and synchronising the external printer with the internal print engine. It also controls the 
low speed communication to the QA chips. The CPU subsystem contains various peripherals to aid the 
CPU, such as GPIO (includes motor control), interrupt controller, LSS Master and general timers. The 
Serial Communications Block (SCB) on the CPU subsystem provides a full speed USB1 .1 interface to the 
Host as well as an Inter SoPEC Interface (ISI) to other SoPEC devices. 

9.2.2 DRAM Subsystem 

The DRAM subsystem accepts requests from the CPU, Serial Communications Block (SCB) and blocks 
within the PEP subsystem. The DRAM subsystem (in particular the DIU) arbitrates the various requests 
and determines which request should win access to the DRAM. The DIU arbitrates based on configured 
parameters, to allow sufficient access to DRAM for all requestors. The DIU also hides the implementation 
specifics of the DRAM such as page size, number of banks, refresh rates etc. 

Print Engine Pipeline (PEP) subsystem 

The Print Engine Pipeline (PEP) subsystem accepts compressed pages from DRAM and renders them to 
bi-level dots for a given print line destined for a printhead interface that communicates directly with up to 
2 segments of a bi-lithic printhead. 

The first stage of the page expansion pipeline is the CDU, LBD and TE. The CDU expands the JPEG-com- 
pressed contone (typically CMYK) layer, the LBD expands the compressed bi-level layer (typically K), 
and the TE encodes Netpage tags for later rendering (typically in IR or K ink). The output from the first 
stage is a set of buffers: the CFU, SFU, and TFU. The CFU and SFU buffers are implemented in DRAM. 



9.2.1 



9.2.3 

I 
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The second stage is the HCU, which dithers the contone layer, and composites position tags and the bi- 
levei spotO layer over the resulting bi-level dithered layer. A number of options exist for the way in which 
compositing occurs. Up to 6 channels of bi-level data are produced from this stage. Note that not all 6 
channels may be present on the printhead. For example, the printhead may be CMY only, with K pushed 
into the CMY channels and IR ignored Alternatively, the position tags may be printed in K if IR ink is not 
available (or for testing purposes). 

The third stage (DNC) compensates for dead nozzles in the printhead by color redundancy and error dif- 
fusing dead nozzle data into surrounding dots. 

The resultant bi-level 6 channel dot-data (typically CMYK-IRF) is buffered and written out to a set of line 
buffers stored in DRAM via the DWU. 

Finally, the dot-data is loaded back from DRAM, and passed to the printhead interface via a dot FIFO. The 
dot FIFO accepts data from the LLU at the system clock rate (pclk), while the PHI removes data from the 
| FIFO and sends it to the printhead at a rate of 2/3 times the system clock rate (see Section 9.1). 
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Figure 13. SoPEC System Top Level partition 
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9.3 SoPEC Block Description 

Looking at Figure 13, the various units are described here in summary form: 



Table 9. Units within SoPEC 



















ORAM 


DIU 


DRAM interface unit 


Provides the Interface for DRAM read and write access 
for the various SoPEC units. CPU and the SCB block. 
The DIU provides arbitration between competing units 

contrail ORAM flwwi 




ORAM 


Embedded DRAM 


aOMbrts of embedded DRAM, 


CPU 


CPU 


Central Processing Unit 


CPU for system configuration and control 




MMU 


Memory Management Unit 


Limits access to certain memory address areas in CPU 
user mode 




ROU 


Real-time Debug Unit 


Facilitates the observation of the contents of most of the 
CPU addressable registers in SoPEC in addition to 
some pseudo-registers in realtime. 




TIM 


General Timer 


Contains watchdog and general system timers 




LSS 


Low Speed Serial Interfaces 


Low level controller for interlacing with the OA chips 




GPIO 


GeneraJ Purpose lOs 


General IO controller, with built-in Motor control unit, 
LED pulse units and de-glitch circuitry 




ROM 


Boot ROM 


16 KBytes of System Boot ROM code 




ICU 


Interrupt Controller Unit 


General Purpose interrupt controller with configurable 
priority, and masking. 




CPR 


Clock, Power and Reset 
block 


Central Unit for controlling and generating the system 
clocks and resets and powerdown mechanisms 




PSS 


Power Save Storage 


Storage retained while system is powered down 




USB 


Universal Serial Bus Device 


USB device controller for interfacing with the Host USB. 




ISI 


Inter-SoPEC Interface 


' ISI controller for data and control communication with 
other SoPEC's in a multi-SoPEC system 




SCB ! 


Serial Communication Block 


Contains both the USB and ISI blocks. 
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Table 9. Units within SoPEC 







Mmm\nm mi MtfmlrdMJm-ri 


Print Engine 

Pipeline 

(PEP) 


PCU 


PEP controller 


Provides externa] CPU with the means to read and write 
PEP Unit registers, and read and write DRAM in single 
32-bit chunks. 




CDU 


Contone decoder unit 


Expands JPEG compressed contone layer and writes 
decompressed contone to DRAM 




CPU 


Contone FIFO Unit 


Provides line buffering between CDU and HCU 




LBD 


Lossless BHevel Decoder 


Expands compressed bi- level layer. 




SFU 


Soot FIFO Unit 

v^vi ■ it \y vim 


Prm/irf o«a lino turfforinn hntwM»fl LBD ftnrf Hf^l J 




TE 


Tag encoder 


Encodes tag data into line of tag dots. 




TFU 


Tag FIFO Unit 


Provides tag data storage between TE and HCU 




HCU 


HaJftoner compositor unit 


Dithers contone layer and composites the bl-level spot 0 
and position tag dots. 




DNC 


Dead Nozzle Compensator 


Compensates for dead nozzles by color redundancy and 
error diffusing dead nozzle data into surrounding dots. 




DWU 


Dotiine Writer Unit 


Writes out the 6 channels of dot data tor a given printfine 
to the line store DRAM 




LLU 


Line Loader Unit 


Reads the expanded page image from line store, format- 
ting the data appropriately for the bi-fithic printhead. 




PHI 


Print He ad Interface 


Is responsible for sending dot data to the bHithic print- 
heads and for providing line synchronization between 
multiple SoPECs. Also provides test interface to print- 
head such as temperature monitoring and Dead Nozzle 
Identification. 



9.4 Addressing scheme in SoPEC 

SoPEC must address 

• 20 Mbit DRAM. 

• PCU addressed registers in PEP. 

• CPU-subsystem addressed registers. 

SoPEC has a unified address space with the CPU capable of addressing all CPU-subsystem and PCU-bus 
accessible registers (in PEP) and all locations in DRAM. The CPU generates byte-aligned addresses for 
the whole of SoPEC. 



22 bits are sufficient to byte address the whole SoPEC address space. 



9.4.1 DRAM addressing scheme 

The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbits of DRAM. 

Most blocks read or write 256-bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 1 9 address bits i.e. bits 2 1 -3 are required. 

• The CPU-subsystem always generates a 22-bit byte-aligned DIU address but it will send flags to the 
DIU indicating whether it is an 8, 16 or 32-bit write. 
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All DIU accesses must be within the same 256-bit aligned DRAM word 



9.4.2 PEP Unit DRAM addressing 

PEP Unit configuration registers which specify DRAM locations should specify 256-bit aligned DRAM 
addresses i.e. using address bits 21:5. Legacy blocks from PEC I e.g. the LBD and TE may need to specify 
64-bit aligned DRAM addresses if these reused blocks DRAM addressing is difficult to modify. These 64- 
bit aligned addresses require address bits 21:3. However, these 64-bit aligned addresses should be pro- 
grammed to start at a 256-bit DRAM word boundary. 

Unlike PEC1, there are no constraints in SoPEC on data organization in DRAM except that all data struc- 
tures must start on a 256-bit DRAM boundary. If data stored is not a multiple of 256-bits then the last word 
should be padded. 



9.4.3 CPU-bus addressed registers 

The CPU-bus supports 32-bit word aligned read and write accesses with variable access timings. See sec- 
tion 1 1.4 for more details of the access protocol used on this bus. The CPU-bus does not currently support 
byte reads and writes but this can be added at a later date if required by imported IP. 



9.4.4 PCU addressed registers in PEP 

The PCU only supports 32-bit register reads and writes for the PEP blocks. As the PEP blocks only occupy 
a subsection of the overall address map and the PCU is explicitly selected by the MMU when a PEP block 
is being accessed the PCU does not need to perform a decode of the higher-order address bits. See 
Table 1 1 for the PEP subsystem address map. 
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9.5 SoPEC Memory Map 

9.5.1 Main memory map 

The system wide memory map is shown in Figure 14 below. The memory map is discussed in detail in 
Section 1 1 Central Processing Unit (CPU). 



Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 




OxFFFF FFFF 



Accesses in this 
area are via the 
OIU bus and are 
controlled by 
permissions set in \ 
the MMU. 



PCU Mapped Registers 



Peripheral Registers 



ROM 



DRAM 



0x002/^000 
Ox002A_0000 
0x0029^0000 
0x0028^0000 




DRAM 
Regions 



0x0000^0000 



Figure 14. Proposed SoPEC CPU memory map (not to scale) 

9.5.2 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 10 below. The MMU 
performs the decode of cpu_adr[21: 12] to generate the relevant cpujblock select signal for each block. 
The addressed blocks decode however many of the lower order bits of cpu__adr[ll:2] are required to 
address all me registers within the block. 

Table 10, CPU-bus peripherals address map 



MMU_base 


Ox0029_0000 — 


TlM_base 


0x0029_1000 


LSS_base 


Ox0029_2000 


GPJOJ>ase 


OxO029_3000 


SCB^base 


0x0029^4000 
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Table 10. CPU-bus peripherals address map 







ICU_base 


0x0029.5000 


CPR_base 


Ox0O29_60OO 


ROM_base 


0x0029_7000 


DIU_base 


0x0029_8000 


PSS_base 


0x0029,9000 


Reserved 


Ox0O29_A000 to 0x0029_FFFF 


PCU_base 


Ox002A_0000 to 0x002A_BFFF 



9.5.3 PCU Mapped Registers (PEP blocks) address map 

The PEP blocks are addressed via the PCU. From Figure 14, the PCU mapped registers are in the range 
Ox002A_0000 to OxO02A_BFFF. From Table 11 it can be seen that there are 12 sub-blocks within the PCU 
address space. Therefore, only four bits are necessary to address each of the sub-blocks within the PEP 
part of SoPEC. A further 12 bits may be used to address any configurable register within a PEP block. This 
gives scope for 1024 configurable registers per sub-block (the PCU mapped registers are all 32-bit 
addressed registers so the upper 10 bits are required to individually address them). This address will come 
either from the CPU or from a command stored in DRAM. The bus is assembled as follows: 

• address[15:12] = sub-block address, 

• address[n:2] = register address within sub-block, only the number of bits required to decode the regis- 
ters within each sub-block are used, 

• address [1 :0] = byte address, unused as PCU mapped registers are all 32-bit addressed registers. 

So for the case of the HCU, its addresses range from 0x7000 to 0x7 FFF within the PEP subsystem or from 
Ox002A_7000 to OxO02A_7FFFF in the overall system. 



Table 1 1 . PEP blocks address map 



wmmm 


mmmmim 


PCLLbase 


Ox002AJ>000 


CDU_base 


OxO02A_10O0 


CFLLbase 


Ox002A_2000 


LBD_base 


Ox002A_3000 


SFU_base 


OxOO2A40O0 


TE_base 


0x002^.5000 


TFU_base 


Ox002A_6000 


HClLbase 


0x002A,7000 


DNCJjase 


0x002A_8000 


DWLLbase 


0x002A_9000 


LLU.base j 


0xOO2A_A000 


PHI_base j 


OxOO2A_B0O0 to 0x002A_BFFF 
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9.6 Buffer management in SoPEC 

As outlined in Section 9.1, SoPEC has a requirement to print 1 side every 2 seconds i.e. 30 sides per 
minute. 

9.6.1 Page buffering 

Approximately 2 Mbytes of DRAM are reserved for compressed page buffering in SoPEC. If a page is 
compressed to fit within 2 Mbyte then a complete page can be transferred to DRAM before printing. How- 
ever, the rime to transfer 2 Mbyte using USB 1.1 is approximately 2 seconds. The worst case cycle time to 
print a page then approaches 4 seconds. This reduces the worst-case print speed to 15 pages per minute. 

9.6.2 Band buffering 

The SoPEC page-expansion blocks support the notion of page banding. The page can be divided into 
bands and another band can be sent down to SoPEC while we are printing the current band. 
Therefore we can start printing once at least one band has been downloaded. 

The band size granularity should be carefully chosen to allow efficient use of the USB bandwidth and 
DRAM buffer space. It should be small enough to allow seamless 30 sides per minute printing but not so 
small as to introduce excessive CPU overhead in orchestrating the data transfer and parsing the band head- 
ers. Band-finish interrupts have been provided to notify the CPU of free buffer space. It is likely that the 
Host PC will supervise the band transfer and buffer management instead of the SoPEC CPU. 

If SoPEC starts printing before the complete page has been transferred to memory there is a risk of a buffer 
undemin occurring if subsequent bands are not transferred to SoPEC in time e.g. due to insufficient USB 
bandwidth caused by another USB peripheral consuming USB bandwidth. A buffer underrun occurs if a 
line synchronisation pulse is received before a line of data has been transferred to the printhead and causes 
the print job to foil at that line. If there is no risk of buffer underrun then printing can safely start once at 
least one band has been downloaded. 

If there is a risk of a buffer underrun occurring due to an interruption of compressed page data transfer, 
then the safest approach is to only start printing once we have loaded up the data for a complete page. This 
means that a worst case latency in the region of 2 seconds (with USB 1.1) will be incurred before printing 
the first page. Subsequent pages will take 2 seconds to print giving us the required sustained printing rate 
of 30 sides per minute. 

A Storage SoPEC (Section 7.2.5) could be added to the system to provide guaranteed bandwidth data 
delivery. The print system could also be constructed using an ISI-Bridge chip (Section 7.2.6) to provide 
guaranteed data delivery. 

The most efficient page banding strategy is likely to be determined on a per page/ print job basis and so 
SoPEC will support the use of bands of any size. 
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10 SoPEC Use Cases 



10.1 



Introduction 



This chapter is intended to give an overview of a representative set of scenarios or use cases which SoPEC 
can perform. SoPEC is by no means restricted to the particular use cases described here. 

In this chapter we discuss SoPEC use cases under four headings: 

1) Normal operation use cases. 

2) Security use cases. 

3) Miscellaneous use cases. 

4) Failure mode use cases. 

Use cases for both single and multi-SoPEC systems are outlined. 
Some tasks may be composed of a number of sub-tasks. 

The realtime requirements for SoPEC software tasks are discussed in "Central Processing Unit (CPU)" 
under Section 1 1 .3 Realtime requirements. 



10.2 Normal operation in a single SoPEC System with USB Host connection 



SoPEC operation is broken up into a number of sections which are outlined below. Buffer management L 
a SoPEC system is normally performed by the Host. 



Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 
A typical powerup sequence is: 

1 ) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. USB wakeup. 

4) Download and authentication of program (see Section 10.5.2). 

5) Store reusable authentication results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER^QA and authenticate operating parameters. 

8) Download and authenticate any further datasets. 



The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
(chapter 16). Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and 
power-safe storage (PSS) will still be enabled. 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. In a single SoPEC system, wakeup can be initiated following a USB reset from the SCB. 
A typical USB wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 



10.2.1 Powerup 



10.2.2 USB wakeup 
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4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.2). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) Download and authenticate using results in PSS of any further datasets (programs), 

10.2.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via Q A chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 

10.2.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 
First page, first band download and processing: 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and writes directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used. 

10.2.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

One approach is to only start printing once we have loaded up the data for a complete page. If we 
start printing before the complete page has been transferred to memory we run the risk of a buffer 
underrun occurring because compressed page data was not transferred to SoPEC in time e.g. due to 
insufficient USB bandwidth caused by another USB peripheral consuming USB bandwidth. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes. A rapid startup order for the PEP units is outlined in Table 1 2. 



Table 12. Typical PEP Unit startup order for printing a page. 



1H 


ran 


ran 






1 


DNC 








2 


DWU 


3 


HCU 
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Table 12. Typical PEP Unit startup order for printing a page. 



4 


PHI 


5 


LLU 


6 


CFU.SFU.TFU 


7 


CDU 


8 


TE. LBO 



10.2.6 



3) Print ready interrupt occurs (from PHI). 

4) Start motor control, if first page, otherwise feed the next page. This step could occur before the print 
ready interrupt. 

5) Drive LEDs, monitor paper status. 

6) Wait for page alignment via page sensor(s) GPIO interrupt 

7) CPU instructs PHI to start producing line syncs and hence commence printing, or wait for an exter- 
nal device to produce line syncs. 

8) Continue to download bands and process page and band headers for next page. 

Next page(s) download 

As for first page download, performed during printing of current page. 



10.2.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD, TE need to be re-pro- 
grammed before the subsequent band can be printed. This can be via PCU commands from DRAM. Typi- 
cally only 3-5 commands per decompression unit need to be executed. These registers can also be 
reprogrammed directly by the CPU or most likely by updating from shadow registers. The finished band 
flag interrupts the CPU to tell the CPU that the area of memory associated with the band is now free. 

10.2.8 During page print 

Typically during page printing ink usage is communicated to the Q A chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via Q A chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.2.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. 

2) Shutdown the PEP blocks by de-asserting their Go registers. A typical shutdown order is defined in 
Table 13. This will set the PEP Unit state-machines to their idle states without resetting their config- 
uration registers. 

3) Communicate ink usage to QA chips, if required. 
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Table 13. End of page shutdown order for PEP Units (TBD). 







1 


PHI (will shutdown by itself In the normal case at the end of a page) 


2 


DWU (shutting this down stalls the DNC and therefore the HCU and above) 


3 


LLU (should already be halted due to PHI at end of last line of page) 


4 


TE (this is the only dot supplier likely to be running, halted by the HCU) 


5 


CDU (this is (ikefy to already be halted due to end of contone band) 


6 


CFU. SFU, TFU, LBD (order unimportant, and should already be halted due to end of 
band) 


7 


HCU. DNC (order unimportant, should already have hatted) 



10.2.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

1 0.2.1 1 End of document 

1) Stop motor control. 

10.2.12 Powerdown 

In this mode SoPEC is no longer powered 

1) Instruct Host PC via USB that SoPEC is about to power down. 



10.2.13 Sleep 



The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
described in Section 16. 

1) Instruct Host PC via USB that SoPEC is about to sleep. 

2) Put SoPEC into defined sleep mode. 
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10.3 Normal operation in a Multi-SoPEC System - ISIMaster SoPEC 

In a multi-SoPEC system the Host generally manages program and compressed page download to all the 
SoPECs. Inter-SoPEC communication is over the ISI link which will add a latency. 

In the case of a multi-SoPEC system with a USB 1. 1 connection, the SoPEC with the USB connection is 
the ISIMaster. The ISI-bridge chip is the ISIMaster in the case of an ISI-Bridge SoPEC configuration. 

In a multi-SoPEC system one of the SoPECs will be the PrintMaster. This SoPEC must manage and con- 
trol sensors and actuators e.g. motor control. These sensors and actuators could be distributed over all the 
SoPECs in the system. An ISIMaster SoPEC may also be the PrintMaster SoPEC. 

In a multi-SoPEC system each printing SoPEC will generally have its own PRINTER^QA chip (or at least 
access to a PRINTER_QA chip that contains the SoPECs SOPEC_id_key) to validate operating parame- 
ters and ink usage. The results of these operations may be communicated to the PrintMaster SoPEC. 
In general the ISIMaster may need to be able to: 

• Send messages to the ISISlaves which will cause the ISISlaves to send their status to the ISIMaster. 

• Instruct the ISISlaves to perform certain operations. 

As the ISI is an insecure interface commands issued over the ISI are regarded as user mode commands. 
Supervisor mode code running on the SoPEC CPUs will allow or disallow these commands. The software 
protocol needs to be constructed with this in mind. 

Existing requirements indicate that it is sufficient for the ISIMaster to initiate all communication with the 
ISISlaves. 

SoPEC operation is broken up into a number of sections which are outlined below. 
10.3.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation USB Wakeup 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

5) Download and authentication of program (see Section 10.5.3). 

6) Store reusable cryptographic results in Power-Safe Storage (PSS). 

7) Execution of program from DRAM. 

8) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

9) Download and authenticate any further datasets (programs). 

10) The initial dataset may be broadcast to all the ISISlaves. 

1 1) ISIMaster master SoPEC then waits for a short time to allow the authentication to take place on the 
ISISlave SoPECs. 

12) Each ISISlave SoPEC is polled for the result of its program code authentication process. 

13) If all ISISlaves report successful authentication the OEM code module can be distributed and 
authenticated. OEM could will most likely reside on one SoPEC. 

10.3.2 USB wakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled. 
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Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled. For an ISIMaster SoPEC, wakeup can be initiated following a USB reset from the SCB. 

A typical USB wakeup sequence is: 

1 ) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) SoPEC identification by activity on USB end-points 2-4 indicates it is the -ISIMaster. 

5) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) Download and authenticate any further datasets (programs) using results in Power- Safe Storage 
(PSS) (see Section 10.5.3). 

9) Following steps as per Powerup. 

10.3.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips which may be present on a I SIS lave SoPEC. 

2) Download static data e.g. dither matrices, dead nozzle tables from Host to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. Instruct ISISlaves to also perform this operation. 

4) Initiate printhead pre-heat sequence, if required. Instruct ISISlaves to also perform this operation 

10.3.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host. 

1) The Host communicates to the SoPEC CPU over the USB to check that DRAM space remaining is 
sufficient to download the first band. 

2) The Host downloads the first band (with the page header) to DRAM. 

3) When the complete page header has been downloaded the SoPEC CPU processes the page header, 
calculates PEP register commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

Remaining first page bands download and processing: 

1) Check DRAM space remaining is sufficient to download the next band- 

2) Download the next band with the band header to DRAM. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used 

Poll ISISlaves for DRAM status and download compressed data to ISISlaves. 

10.3.5 Start printing 

1) Wait until at least one band of the first page has been downloaded. 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the suggested order defined in Table 12. 

3) Print ready interrupt occurs (from PHI). Poll ISISlaves until print ready interrupt. 
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4) Start motor control (which may be on an ISISlaves SoPEC), if first page, otherwise feed the next 
page. This step could occur before the print ready interrupt. 

5) Drive LEDS, monitor paper status (which may be on an ISISlaves SoPEC). 

6) Wait for page alignment via page sensor(s) GPIO interrupt (which may be on an ISISlaves SoPEC). 

7) CPU instructs PHI to start producing master line syncs, or wait for an external device to produce 
line syncs. 

8) Continue to download bands and process page and band headers for next page. 

10.3.6 Next page(s) download 

As for first page download, performed during printing of current page. 

10.3.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed. This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed. These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU, tell the CPU that the area of 
memory associated with the band is now free. 

10.3.8 During page print 

TVpically during page printing ink usage is communicated to the QA chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 

10.3.9 Page finish 

These operations are typically performed when the page is finished: 

1) Page finished interrupt occurs from PHI. Poll ISISlaves for page finished interrupts. 

2) Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 

3) Communicate ink usage to QA chips, if required. 

10.3.10 Start of next page 

These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 

10.3.11 End of document 

1 ) Stop motor control. This may be on an ISISlave SoPEC. 

10.3.12 Powerdown 

In this mode SoPEC is no longer powered. 

1) Instruct Host PC via USB that SoPEC system is about to power down. 

2) Instruct ISISlave SoPECs to powerdown. 

3) Powerdown ISIMaster SoPEC. 
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10.3.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. 

1) Instruct Host PC via USB which parts of SoPEC system are about to sleep. 

2) Put defined SoPECs into defined sleep modes. 
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10.4 Normal operation in a Multi-SoPEC System - ISISlave SoPEC 

This section the outline typical operation of an ISISlave SoPEC in a multi-SoPEC system. The ISIMaster 
can be another SoPEC or an ISI-Bridge chip. The ISISlave communicates with the Host via the ISIMaster 
Buffer management in a SoPEC system is normally performed by the Host. 

10.4.1 Powerup 

Powerup describes SoPEC initialisation following an external reset or the watchdog timer system reset. 

A typical powerup sequence is: 

1) Execute reset sequence for complete SoPEC. 

2) CPU boot from ROM. 

3) Basic configuration of CPU peripherals, SCB and DIU. DRAM initialisation. 

4) Download and authentication of program (see Section 10.5.3). 

5) Store reusable cryptographic results in Power-Safe Storage (PSS). 

6) Execution of program from DRAM. 

7) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

8) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

9) Download and authenticate any further datasets. 

10.4.2 ISIwakeup 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 
[16]. Normally the CPU sub-system and the DRAM will be put in sleep mode but the SCB and power-safe 
storage (PSS) will still be enabled 

Wakeup describes SoPEC recovery from sleep mode with the SCB and power-safe storage (PSS) still 
enabled: In an ISISlave SoPEC, wakeup can be initiated following an ISI reset from the SCB. 

A typical ISI wakeup sequence is: 

1) Execute reset sequence for sections of SoPEC in sleep mode. 

2) CPU boot from ROM, if CPU-subsystem was in sleep mode. 

3) Basic configuration of CPU peripherals and DIU, and DRAM initialisation, if required. 

4) Download and authentication of program using results in Power-Safe Storage (PSS) (see Section 
10.5.3). 

5) Execution of program from DRAM. 

6) Retrieve operating parameters from PRINTER_QA and authenticate operating parameters. 

7) SoPEC identification by sampling GPIO pins to determine ISIId. Communicate ISIId to ISIMaster. 

8) Download and authenticate any further datasets. 

10.4.3 Print initialization 

This sequence is typically performed at the start of a print job following powerup or wakeup: 

1) Check amount of ink remaining via QA chips. 

2) Download static data e.g. dither matrices, dead nozzle tables from ISIMaster to DRAM. 

3) Check printhead temperature, if required, and configure printhead with firing pulse profile etc. 
accordingly. 

4) Initiate printhead pre-heat sequence, if required. 
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10.4.4 First page download 

Buffer management in a SoPEC system is normally performed by the Host via the ISIMaster. 

1) Check DRAM space remaining is sufficient to download the first band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete page header has been downloaded, process the page header, calculate PEP reg- 
ister commands and write directly to PEP registers or to DRAM. 

4) If PEP register commands have been written to DRAM, execute PEP commands from DRAM via 
PCU. 

Remaining first page bands download and processing: 

1 ) Check DRAM space remaining is sufficient to download the next band 

2) The Host downloads the first band (with the page header) to DRAM via the ISIMaster. 

3) When the complete band header has been downloaded, process the band header according to 
whichever band-related register updating mechanism is being used 

10.4.5 Start printing 

1) Wait until at least one band of the first page has been downloaded 

2) Start all the PEP Units by writing to their Go registers, via PCU commands executed from DRAM 
or direct CPU writes, in the order defined in Table 12. 

3) Print ready interrupt occurs (from PHI). Communicate to ISIMaster via ISI link. 

4) Start motor control, if attached to this ISISlave, when requested by ISIMaster, if first page, other- 
wise feed next page. This step could occur before the print ready interrupt 

5) Drive LEDS, monitor paper status, if on this ISISlave SoPEC, when requested by ISIMaster 

6) Wait for page alignment via page sensor(s) GPIO interrupt, if on this ISISlave SoPEC, and send to 
ISIMaster. 

7) Wait for line sync and commence printing. 

8) Continue to download bands and process page and band headers for next page. 

1 0.4.6 Next page(s) download 

As for first band download, performed during printing of current page. 

10.4.7 Between bands 

When the finished band flags are asserted band related registers in the CDU, LBD and TE need to be re- 
programmed This can be via PCU commands from DRAM. Typically only 3-5 commands per decom- 
pression unit need to be executed These registers can also be reprogrammed directly by the CPU or by 
updating from shadow registers. The finished band flag interrupts to the CPU tell the CPU that the area of 
memory associated with the band is now free. 

10.4.8 During page print 

Typically during page printing ink usage is communicated to the Q A chips. 

1) Calculate ink printed (from PHI). 

2) Decrement ink remaining (via QA chips). 

3) Check amount of ink remaining (via QA chips). This operation may be better performed while the 
page is being printed rather than at the end of the page. 
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10.4.9 Page finish 



These 



operations are typically performed when the page is finished: 

Page finished interrupt occurs from PHI. Communicate page finished interrupt to ISIMaster. 
Shutdown the PEP blocks by de-asserting their Go registers in the suggested order in Table 13. This 
will set the PEP Unit state-machines to their startup states. 
Communicate ink usage to QA chips, if required. 



I) 
2) 



3) 



10.4.10 Start of next page 



These operations are typically performed before printing the next page: 

1) Re-program the PEP Units via PCU command processing from DRAM based on page header. 

2) Go to Start printing. 



1 0.4. 1 1 End of document 

Stop motor control, if attached to this ISISlave, when requested by ISIMaster. 

1 0.4.1 2 Powerdown 

In this mode SoPEC is no longer powered. 

1) Powerdown ISISlave SoPEC when instructed by ISIMaster. 

10.4.13 Sleep 

The CPU can put different sections of SoPEC into sleep mode by writing to registers in the CPR block 



[16]. 



1 ) Put SoPEC into defined sleep modes. 
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10.5 Security Use Cases 

Please see the 'SoPEC Security Overview* [9] document for a more complete description of SoPEC secu- 
rity issues. The SoPEC boot operation is described in the ROM chapter of the SoPEC hardware design 
specification, Section 17.2. 

10.5.1 Communication with the OA chips 

Communication between SoPEC and the QA chips (i.e. INK_QA and PRJNTER.QA) will take place on 
at least a per power cycle and per page basis. Communication with the Q A chips has three principal pur- 
poses: validating the presence of genuine QA chips (i.e the printer is using approved consumables), valida- 
tion of the amount of ink remaining in the cartridge and authenticating the operating parameters for the 
printer. After each page has been printed, SoPEC is expected to communicate the number of dots fired per 
ink plane to the Q A chipset. SoPEC may also initiate decoy communications with the Q A chips from time 
to time. 

Process: 

• When validating ink consumption SoPEC is expected to principally act as a conduit between the 
PRTNTER_QA and INK_QA chips and to take certain actions (basically enable or disable printing and 
report status to Host PC) based on the result The communication channels are insecure but all traffic is 
signed to guarantee authenticity. 

Known Weaknesses 

• All communication to the QA chips is over the LSS interfaces using a serial communication protocol. 
This is open to observation and so the communication protocol could be reverse engineered. In this 
case both the PRINTER_QA and INK^QA chips could be replaced by impostor devices (e.g. a single 
FPGA) that successfully emulated the communication protocol. As this would require physical modifi- 
cation of each printer this is considered to be an acceptably low risk. Any messages that are not signed 
by one of the symmetric keys (such as the SoPEC Jdjcey) could be reverse engineered The imposter 
device must also have access to the appropriate keys to crack the system. 

■ If the secret keys in the QA chips are exposed or cracked then the system, or parts of it, is compro- 
mised. 

Assumptions: 

t X ] The Q A chips are not involved in the authentication of downloaded SoPEC code 

12 ] The QA chip in the ink cartridge (INK_QA) does not directly affect the operation of the cartridge in 

any way i.e. it does not inhibit the flow of ink etc. 
[3] The INK.QA and PRINTER^QA chips are identical in their virgin state. They only become a 

INK_QA or PRINTER_QA after their FlashROM has been programmed. 

10.5.2 Authentication of downloaded code in a single SoPEC system 
Process; 

1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The program is downloaded to the embedded DRAM. 

3) The CPU calculates a SHA-l hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-l hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
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RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) If, as is very likely, the downloaded program wishes to download subsequent programs (such as 
OEM code) it is responsible for ensuring the authenticity of everything it downloads. The down- 
loaded program may contain public keys that are used to authenticate subsequent downloads, thus 
forming a hierarchy of authentication. The SoPEC ROM does not control these authentications - it 
is solely concerned with verifying that the first program downloaded has come from a trusted 
source. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 l)The OEM code is expected to perform some simple 'turn on the lights* tasks after which the Host 
PC is informed that the printer is ready to print and the Start Printing use case comes into play. 

Known Weaknesses: 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. A 
ROM mask change would be required to reprogram the bootOkey. 



1) SoPEC identification by activity on USB end-points 2-4 indicates it is the ISIMaster. 

2) The SCB is configured to broadcast the data received from the Host PC. 

3) The program is downloaded to the embedded DRAM and broadcasted to all ISISlave SoPECs over 
thelSI. 

4) The CPU calculates a SHA-1 hash digest of the downloaded program. 

5) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

6) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required. 

7) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

8) If the hash values do not match then the Host PC is notified of the failure and software may decide 
to put the SoPEC device into powerdown mode. 

9) If the hash values match then the CPU starts executing the downloaded program. 

10) It is likely that the downloaded program will poll each ISISlave SoPEC for the result of its authenti- 
cation process and to determine the number of slaves present. 

1 1) If any slave reports a failed authentication then the ISIMaster communicates this to the Host PC and 
puts itself into powerdown mode. 



10.5.3 Authentication of downloaded code in a multi-SoPEC system 



10. 5.3. 1 ISIMaster SoPEC Process: 
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12) If ail ISISIaves report successful authentication then the downloaded program is responsible for the 
downloading, authentication and distribution of subsequent programs within the multi-SoPEC sys- 
tem. 

13) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

14) The OEM code is expected to perform some simple 'turn on the lights' tasks after which the master 
SoPEC determines that all SoPECs are ready to print. The Host PC is informed that the printer is 
ready to print and the Start Printing use case comes into play. 



10.5.3.2 ISISIave SoPEC Process: 

1) When the CPU comes out of reset the SCB should still be in slave mode, and the SCB is already 
configured to receive data from the ISIMaster. 

2) The program is downloaded to embedded DRAM. 

3) The CPU calculates a SHA-1 hash digest of the downloaded program. 

4) The ResetSrc register in the CPR block is read to determine whether or not a power-on reset 
occurred. 

5) If a power-on reset occurred the signature of the downloaded code (which needs to be in a known 
location such as the first or last N bytes of the downloaded code) is decrypted using the Silverbrook 
public bootOkey stored in ROM. This decrypted signature is the expected SHA-1 hash of the 
accompanying program. The encryption algorithm is likely to be a public key algorithm such as 
RSA. If a power-on reset did not occur then the expected SHA-1 hash is retrieved from the PSS and 
the compute intensive decryption is not required 

6) The calculated and expected hash values are compared and if they match then the programs authen- 
ticity has been verified. 

7) If the hash values do not match, then the ISISIave device will await a new program again, eventu- 
ally riming out and powering down. 

8) If the hash values match then the CPU starts executing the downloaded program. 

9) It is likely that the downloaded program will communicate the result of its authentication process to 
the ISIMaster. The downloaded program is responsible for determining the SoPECs ISIId, receiving 
and authenticating any subsequent programs. 

10) At some subsequent point OEM code starts executing. The Silverbrook supervisor code acts as an 
O/S to the OEM user mode code. The OEM code must access most SoPEC functionality via system 
calls to the Silverbrook code. 

1 1) The OEM code is expected to perform some simple 'turn on the lights' tasks after which the master 
SoPEC is informed that this slave is ready to print. The Start Printing use case then comes into play. 

Known Weaknesses 

• If the Silverbrook private bootOkey is exposed or cracked then the system is seriously compromised. 

• ISI is an open interface i.e. messages sent over the ISI are in the clear. The communication channels 
are insecure but all traffic is signed to guarantee authenticity. As all communication over the ISI is con- 
trolled by Supervisor code on both the ISIMaster and ISISIave then this also provides some protection 
against software attacks. 
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10.5.4 Authentication and upgrade of operating parameters for a printer 

The SoPEC IC will be used in a range of printers with different capabilities (e.g. A3/A4 printing, printing 
speed, resolution etc.). It is expected that some printers will also have a software upgrade capability which 
would allow a user to purchase a license that enables an upgrade in their printer's capabilities (such as 
print speed). To facilitate this it must be possible to securely store the operating parameters in the 
PRINTER_QA chip, to securely communicate these parameters to the SoPEC and to securely ieprogram 
the parameters in the event of an upgrade. Note that each printing SoPEC (as opposed to a SoPEC that is 
only used for the storage of data) will have its own PRINTER_QA chip (or at least access to a 
PRINTER_QA that contains the SoPEC's SoPEC_id_key). Therefore both ISIMaster and ISISlave 
SoPECs will need to authenticate operating parameters. 

Process: 

1) Program code is downloaded and authenticated as described in sections 10.5.2 and 10.5.3 above. 

2) The program code has a function to create the SoPEC_id_key from the unique SoPEC_id that was 
programmed when the SoPEC was manufactured. 

3) The SoPEC retrieves the signed operating parameters from its PRINTER_QA chip. The 
PRINTER^QA chip uses the SoPEC_id_key (which is stored as part of the pairing process exe- 
cuted during printhead assembly manufacture & test) to sign the operating parameters which are 
appended with a random number to thwart replay attacks. 

4) The SoPEC checks the signature of the operating parameters using its SoPEC_id_key. If this signa- 
ture authentication process is successful then the operating parameters are considered valid and the 
overall boot process continues. If not the error is reported to the Host PC. 

5) Operating parameters may also be set or upgraded using a second key, the PrintEngineLicense _key, 
which is stored on the PRINTEIV.QA and used to authenticate the change in operating parameters. 

Known Weaknesses: 

• It may be possible to retrieve the unique SoPEC_id by placing the SoPEC in test mode and scanning it 
out. It is certainly possible to obtain it by reverse engineering the device. Either way the SoPEC_id 
(and by extension the SoPEC_id_kcy) so obtained is valid only for that specific SoPEC and so printers 
may only be compromised one at a time by parties with the appropriate specialised equipment. Fur- 
thermore even if the SoPEC_id is compromised, the other keys in the system, which protect the 
authentication of consumables and of program code, are unaffected. 
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10.6 Miscellaneous Use Cases 



There are many miscellaneous use cases such as the following examples. Software running on the SoPEC 
CPU or Host will decide on what actions to take in these scenarios. 

10.6.1 Disconnect / Re-connect of QA chips. 

1 ) Disconnect of a QA chip between documents or if ink runs out mid-document. 

2) Re-connect of a QA chip once authenticated e.g. ink cartridge replacement should allow the system 
to resume and print the next document 

10.6.2 Page arrives before print ready interrupt. 

1 ) Engage clutch to stop paper until print ready interrupt occurs. 

10.6.3 Dead-nozzle table upgrade 

This sequence is typically performed when dead nozzle information needs to be updated by performing a 
printhead dead nozzle test. 

1) Run printhead nozzle test sequence 

2) Either Host or SoPEC CPU converts dead nozzle information into dead nozzle table. 

3) Store dead nozzle table on Host. 

4) Write dead nozzle table to SoPEC DRAM. 
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10.7 Failure Mode Use Cases 

10.7.1 System errorsand security violations 

System errors and security violations are reported to the SoPEC CPU and Host. Software running on the 
SoPEC CPU or Host will then decide what actions to take. 

Silverbrook code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

•OEM code authentication failure. 

1) Notify Host PC of authentication failure. 

2) Abort print run. 

Invalid QA chip(s). 

1) Report to Host PC. 

2) Abort print run. 

MMU security violation interrupt. 4 

1) This is handled by exception handler. 

2) Report to Host PC 

3) Abort print run. 

Invalid address interrupt from PCU. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Watchdog timer interrupt. 

1) This is handled by exception handler. 

2) Report to Host PC. 

3) Abort print run. 

Host PC does not acknowledge message that SoPEC is about to power down. 
1) Power down anyway. 

10.7.2 Printing errors 

Printing errors are reported to the SoPEC CPU and Host. Software running on the Host or SoPEC CPU 
will then decide what actions to take. 

Insufficient space available in SoPEC compressed band-store to download a band 
1) Report to the Host PC. 

Insufficient ink to print. 
1) Report to Host PC. 

Page not downloaded in time while printing. 

1) Buffer underrun interrupt will occur. 

2) Report to Host PC and abort print run. 

JPEG decoder error interrupt. 
1) Report to Host PC. 
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11 Central Processing Unit (CPU) 

11.1 Overview 

The CPU block consists of the CPU core, MMU, cache and associated logic. The principal tasks for the 
program running on the CPU to fulfill in the system are: 

Communications: 

• Control the flow of data from the USB interface to the DRAM and ISI 
| • Communication with the host via USB or ISI 

• Running the USB device driver 
PEP Subsystem Control: 

• Page and band header processing (may possibly be performed on host PC) 

• Configure printing options on a per band, per page, per job or per power cycle basis 

• Initiate page printing operation in the PEP subsystem 

• Retrieve dead nozzle information from the printhead interface (PHI) and forward to the host PC 

• Select the appropriate firing pulse profile from a set of predefined profiles based on the printhead 
characteristics 

• Retrieve printhead temperature via the PHI 
Security: 

• Authenticate downloaded program code and printer operating parameters 

• Authenticate consumables via the PRINTER^QA and INK_QA chips 

• Monitor ink usage 

• Isolation of OEM code from direct access to the system resources 
Other: 

• Drive the printer motors using the GPIO pins 

• Monitoring the status of the printer (paper jam, tray empty etc.) 

• Driving front panel LEDs 

• Perform post-boot initialisation of the SoPEC device 

• Memory management (likely to be in conjunction with the host PC) 

• Miscellaneous housekeeping tasks 

To control the Print Engine Pipeline the CPU is required to provide a level of performance at least equiva- 
lent to a 16-bit Hitachi H8-3664 microcontroller ixinning at 16 MHz. An as yet undetermined amount of 
additional CPU performance is needed to perform the other tasks. The extra performance required is dom- 
inated by the signature verification task and the SCB (including the USB) management task. An operating 
system is not required at present A number of CPU cores have been evaluated and the LEON PI 754 is 
considered to be the most appropriate solution. A diagram of the CPU block is shown in Figure 1 5 below. 
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cpr_cpu_berr 

diu_cpu_debug_valid 
tim_cpu_debug_valid 
scb_cpu_debug_vaiid 
pcu_cpu_debug_vaJid 
lss_cpu_debug_va!id • 
icu_cpu_debug_valid 
gpio_cpu_debug_valid 
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Figure 15. CPU block diagram 
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11.2 Definitions of I/Os 



Table 14. CPU Subsystem l/Os 



wasamm 






Clocks and Resets 


prst_n 


i 


In 


Global reset. Synchronous to pcfk. active low. 


pcfk 


i 


In 


Global clock 


CPU to DIU DRAM Interface 


cpu_adr[21 :0] 


22 


Out 


Address bus for both DRAM and peripheral access 


cpu_dataout[31 :0] 


32 


Out 


Data out to both DRAM and peripheral devices. This should be 
driven at the same time as the cpu_adrand request signals. 


d ram_cpu_data(255:0] 


256 


In 


Read data from the DRAM 


cpu_diu_rreq 




Out 


Read request to the DIU DRAM 


diu_cpu__rack 




In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvafid 




In 


Signal from DIU telling SoPEC Unit that valid read data is on the 
dram_cpujdata bus 


cpu_diu_wreq 




Out 


Write request to the DIU 


dtu_cpu_wack 




In 


Acknowledge from the DIU that the write request has been 
accepted 


cp u_di u_wvaJ id 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu_dataout bus Is valid 


cpu_diu_wmaskfl :0] 


2 


Out 


Rag indicating format of CPU write to DRAM 
cpu_dtu_wmask - 00: 8-bit write 
cpu_diu_wmask = 01: 1 6-bit write 
cpu_diu_wmask= 10: 32-bit write 
cpu_di\j_wmask = 1 1 : reserved 

cpu_adr[2:0} are driven In accordance with the width of the data 
access indicated by cpu_diu_ wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


CPU to peripheral blocks 


cpu_rwn 


1 


Out 


Common read/not-write signal from the CPU 


cpu_acode{1.-0] 


2 


Out 


CPU access code signals. 

cpu_acode(OJ - Program (0) / Data (1) access 

cpu_acode[1] - User (0) / Supervisor (1) access 


cpu_cpr_sel 


1 ; 


Out 


CPR block select 


cpr_cpu_rdy 


1 


In 


Ready signal to the CPU. When cpr_cpu_rdy is high it indicates the 
last cycle of the access. For a write cycle this means cpu_dataout 
has been registered by the CPR block and for a read cyde this 
means the data on cpr_cpu_data is valid. 


cpr_cpu_berr 


1 


In 


CPR bus error signal to the CPU. 


cpr_cpu_data(31 :0] 


32 


In 


Read data bus from the CPR block 


cpu_gplo_sel 


1 


Out 


GPIO block select 


gpio_cpu_rdy 


1 


In 


GPIO ready signal to the CPU. 


gpk>_cpu_berr 


1 


In 


GPIO bus error signal to the CPU. 


gpk>_cpu_data(31 :0] 


32 


tn 


Read data bus from the GPIO block 


cpujcu_sel 


1 


Out 


ICU block select. 


icu_cpu_rdy 


1 


In 


ICU ready signal to the CPU. 


icu_cpu_b err 


1 


In 


ICU bus error signal to the CPU. 


icu_cpu_data(3 1 :0J 


32 


In 


Read data bus from the ICU block 
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Table 14. CPU Subsystem l/Os 





m, 






cpg_lss_sel 


1 


Out 


LSS block select — — 


lss_cpu_rdy 


1 


In 


LSS ready signal to the CPU. 


Jss_cpu_berr 


1 


In 


LSS bus error signal to the CPU 


lss_cpu_data(31 :0] 


32 


In 


Read data bus from the LSS block 


cpu _pcu_sel 


1 


Out 


PCU block select 


pcu_cpu_rdy 


1 


tn 


PCU ready signal to the CPU. 


pcu_cpuj>err 


1 


In 


PCU bus error signal to the CPU. 


pcu_cpu_data[31 :0J 


32 


In 


Read data bus from the PCU block 


cpu_scb_sel 


1 


Out 


SCB block select 


scb_cpu_rdy 


1 


In 


SCB ready signal to the CPU. 


scb_cpu_berr 


1 


In 


SC8 bus error signal to the CPU. 


ecb_cpu_data(31 ,*0] 


32 


In 


Read data bus from the SCB block 


cpu_tim_sel 


1 


Out 


Timers block select. 


tJm_cpu_rdy 


1 


In 


Timers block ready signal to the CPU. 


tim_cpu_berr 




In 


Timers bus error signal to the CPU. 


tim_cpu_data{31:0] 


32 


In 


Read data bus from the Timers block 


cpu_rom_sel 




Out 


ROM block select 


rom_cpu_rdy 




In 


ROM block ready signal to the CPU. 


rom_cpu„berr 




In 


ROM bus error signal to the CPU. 


rom_cpu_dataJ31 :0] 




in 


Read data bus from the ROM block 


cpu_pss_sel 




Out 


PSS block select i 


pss_cpu_rdy 




tn 


PSS block ready signal to the CPU. 


pss_cpu_berr 




In 


PSS bus error signal to the CPU. 


pss_cpu_data[31 :0) 




In 


Read data bus from the PSS block 


cpu_cQu_sel 




Out 


OIU register block select. 


diu_cpu_rdy 




In 


OIU register block ready signal to the CPU. 


diu_cpu_benr 




In 


DIU bus error signal to the CPU. 


diu_cpu_data{31 .-0] 


32 


In 


Read data bus from the OIU block 


Interrupt signals 


icu_cpujlevel(3:0j 


3 


In 


An interrupt Is asserted by driving the appropriate priority level on 
icu_cpu_UeveL These signals must remain asserted until the CPU 
executes an Interrupt acknowledge cycle. 


cpu_fcuJleveJ[3:0] j 


3 


Out 


Indicates the level of the interrupt the CPU is acknowledging when 
cpu^iack is high 


cpujack 


1 


Out ! 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


Debug signals 


diu_cpu_debug_valid 


1 


In 


Signal indicating the data on the diu_cpu_data bus is valid debug 
data. 


tim_cpu_debug_valrd 


1 


In 


Signal indicating the data on the tim_cpu_data bus is valid debug 
data. 


scb_cpu_debug_vaiid 


1 


In 


Signal indicating the data on the $cb_cpu_data bus is vaBd debug 
data. 
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Table 14. CPU Subsystem t/Os 



Hal 


BE 






pcu_cpu_debug_valid 


i 


In 

IN 


oignai inaicaong me aa.ia on mo pcu_cpu_ oa IB. bus is valid debug 
data. 


tss_cpu_debug_yaJkl 


1 


In 


Signal indicating the data on the fss_cpu_data bus is valid debug 
data. 


icu_cpu_debug„valld 


1 


In 


Signal indicating the data on the lcu_cpu_data bus is valid debug 
data. 


apio_cpu_debug_valid 


1 


In 


Signal indicating the data on the gpio_cpu_data bus is valid debug 
data. 


cpr_cpu_debug_valid 


1 


In 


Signal indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI pins 


debug_data_valid 


1 


Out 


Debug valid signal indicating the validity of the data on 
debug_data_out. This signal Is used in all debug configurations 


debug_cntrl 


20 


Out 


Control sJgnal for each PHI bound debug data line indicating 
whether or not the debug data should be selected by the pin mux 



11.3 Realtime requirements 

The SoPEC realtime requirements have yet to be fully determined but they may be split into three catego- 
ries: hard, firm and soft 

1 1.3.1 Hard realtime requirements 

Hard requirements are tasks that must be completed before a certain deadline or failure to do so will result 
in an error perceptible to the user (printing stops or functions incorrectly). There are three hard realtime 
tasks: 

• Motor control: The motors which feed the paper through the printer at a constant speed during 
printing are driven directly by the SoPEC device. Four periodic signals with different phase rela- 
tionships need to be generated to ensure the paper travels smoothly through the printer. The genera- 
tion of these signals is handled by the GPIO hardware (see section .13.2 for more details) but the 
CPU is responsible for enabling these signals (i.e. to start or stop the motors) and coordinating the 
movement of the paper with the printing operation of the printhead. 

• Buffer management: Data enters the SoPEC via the SCB at an uneven rate and is consumed by the 
PEP subsystem at a different rate. The CPU is responsible for managing the DRAM buffers to 
ensure that neither overrun nor underrun occur. This buffer management is likely to be performed 
under the direction of the host. 

• Band processing: In certain cases PEP registers may need to be updated between bands. As the tim- 
ing requirements are most likely too stringent to be met by direct CPU writes to the PCU a more 
likely scenario is that a set of shadow registers will programmed in the compressed page units 
before the current band is finished, copied to band related registers by the finished band signals and 
the processing of the next band will continue immediately. An alternative solution is that the CPU 
will construct a DRAM based set of commands (see section 2 1 .8. 5 for more details) that can be exe- 
cuted by the PCU. The task for the CPU here is to parse the band headers stored in DRAM and gen- 
erate a DRAM based set of commands for the next number of bands. The location of the DRAM 

. based set of commands must then be written to the PCU before the current band has been processed 
by the PEP subsystem. It is also conceivable (but currently considered unlikely) that the host PC 
could create the DRAM based commands. In this case the CPU will only be required to point the 
PCU to the correct location in DRAM to execute commands from. 
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11.3.2 Firm requirements 

Firm requirements are tasks that should be completed by a certain time or failure to do so will result in a 
degradation of performance but not an error. The majority of the CPU tasks for SoPEC fall into this cate- 
gory including all interactions with the QA chips, program authentication, page feeding, configuring PEP 
registers for a page or job, determining the firing pulse profile, communication of printer status to the host 
over the USB and the monitoring of ink usage. The authentication of downloaded programs and messages 
will be the most compute intensive operation the CPU will be required to perform. Initial investigations 
indicate that the LEON processor, running at 160 MHz, will easily perform three authentications in under 
a second. 



Table 15. Expected firm requirements 





Power-on to start of printing first page [USB and slave SoPEC enumeration, 3 or more 
RSA signature verifications, code and compressed page data download and chip Initiali- 
sation] 


~ 8 sees ?? 


Wake-up from sleep mode to start printing [3 or more SHA-1 operations, code and com- 
pressed page data download and chip reinitialisation 


-2 sees 


Authenticate ink usage in the printer 


- 0.5 sees 


Determining firing pulse profile 


- 0.1 sees 


Page feeding, gap between pages 


OEM dependent 


Communication of printer status to host PC 


- 10 ms 


Configuring PEP registers 


?? 



1 1 .3.3 Soft requirements 

Soft requirements are tasks that need to be done but there are only light time constraints on when they need 
to be done. These tasks are performed by the CPU when there are no pending higher priority tasks. As the 
SoPEC CPU is expected to be lightly loaded these tasks will mostly be executed soon after they are sched- 
uled. 



11.4 Bus Protocols 

As can be seen from Figure 15 above there are different buses in the CPU block and different protocols are 
used for each bus. There are three buses in operation: 

11.4.1 CPU core to cache/MMU bus 

This is the native bus of the CPU core. See section 1 1.6.6. 1 for more details. Timing and full signal details 
should be provided in the documentation accompanying this core. 

1 1 .4.2 Cache/MMU to DIU bus 

This bus conforms to the DIU bus protocol described in Section 20.13.2. Note that the address and data 
buses are shared with the peripheral bus. The effective bus width differs between a read (256 bits) and a 
write (32/1678 bits) and only the bottom 32 bits of the bus are shared with the peripheral bus. As certain 
CPU instructions may require byte write access this will need to be supported in the DIU. See section 
1 1.6.6.2 for more details. 
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11.4.3 CPU Subsystem Bus 

For access to the on-chip peripherals a simple bus protocol is used. The MMU must first determine which 
particular block is being addressed (and that the access is a valid one) so that the appropriate block select 
signal can be generated During a write access CPU write data is driven out with the address and block 
select signals in the first cycle of an access. The addressed slave peripheral responds by asserting its ready 
signal indicating that it has registered the write data and the access can complete. The write data bus is 
I common to all peripherals and is also used for CPU writes to the embedded DRAM. A read access is initi- 

ated by driving the address and select signals during the first cycle of an access. The addressed slave 
responds by placing the read data on its bus and asserting its ready signal to indicate to the CPU that the 
read data is valid. Each block has a separate point-to-point data bus for read accesses to avoid the need for 
a tri-stateable bus. 

All peripheral accesses are 32-bit. Support for byte or 16-bit accesses may be added if required by an 
imported IP block such as the USB controller. The use of the ready signal allows the accesses to be of vari- 
able length. In most cases accesses will complete in two cycles but three or four (or more) cycles accesses 
are likely for PEP blocks or IP blocks with a different native bus interface. All PEP blocks are accessed via 
the PCU which acts as a bridge. The PCU bus uses a similar protocol to the CPU subsystem bus but with 
the PCU as the bus master. 

The duration of accesses to the PEP blocks is influenced by whether or not the PCU is executing com- 
mands from DRAM. As these commands are essentially register writes the CPU access will need to wait 
until the PCU bus becomes available when a register access has been completed. This could lead to the 
CPU being stalled for up to 4 cycles if it attempts to access PEP blocks while the PCU is executing a com- 
mand. The size and probability of this penalty is sufficiently small to have any significant impact on per- 
formance. 

In order to support user mode (i.e. OEM code) access to certain peripherals the CPU subsystem bus prop- 
agates the CPU function code signals (cpu_acode[J :0]). These signals indicate the type of address space 
(i.e. User/Supervisor and Program/Data) being accessed by the CPU for each access. Each peripheral must 
dcterrnine whether or not the CPU is in the correct mode to be granted access to its registers and in some 
cases (e.g. Timers and GPIO blocks) different access permissions can apply to different registers within 
the block. If the CPU is not in the correct mode then the violation is flagged by asserting the block's bus 
error signal (block_cpuJberr) with the same timing as its ready signal (block_cpu_rdy) which remains 
Reasserted. When this occurs invalid read accesses should return 0 and write accesses should have no 
effect 

Figure 16 shows two examples of the peripheral bus protocol in action. A write to the LSS block from 
code running in supervisor mode is successfully completed This is immediately followed by a read from a 
PEP block via the PCU from code running in user mode. As this type of access is not permitted the access 
is terminated with a bus error. The bus error exception processing then starts directly after this - no further 
accesses to the peripheral should be required as the exception handler should be located in the DRAM. 

Each peripheral acts as a slave on the CPU subsystem bus and its behavior is described by the state 
machine in section 1 1 .4.3 . 1 




Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



2$ Nov 2002 
Page 70 



SoPEC : Hardware Design 



pclk 
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cpu_rwn [ 



cpu_acode[1:0] R^vl Supvr Data | User Data fr^^ Supvr Data 

cpu_lss„sel \~ 

lss_cpu_rdy 



1 



1 



lss_cpu_berr 



cpu_dataout(31:01 fc^l LSSdata l^SS^^NSSS^^ 

cpu_pcu_sel J j 

pcu_cpu_berr I L 

pcu_cpu_rdy ' 

pcu_cpu_data[31:0] fr^^s^^^ OxOOOO^OOOO | 

Figure 16. CPU bus transactions 



1 1.4.3. 1 CPU subsystem bus slave state machine 

CPU subsystem bus slave operation is described by the state machine in Figure 17. This state machine 
will be implemented in each CPU subsystem bus slave. The only new signals mentioned here are the 
vaiid_access and reg^available signals. The validjaccess is determined by comparing the cpujacode 
value with the block or register (in the case of a block that allow user access on a per register basis such as 
the GPIO block) access permissions and asserting valid_access if the permissions agree with the CPU 
mode. The reg_available signal is only required in the PCU or in blocks that are not capable of two-cycle 
access (e.g. blocks containing imported IP with different bus protocols). In these blocks the reg_available 
signal is an internal signal used to insert wait states (by delaying the assertion of block_cpujrdy) until the 
CPU bus slave interface can gain access to the register. 

When reading from a register that is less than 32 bits wide the CPU susystems bus slave should return 
zeroes on the unused upper bits of the block_cpu_data bus. 

To support debug mode the contents of the register selected for debug observation, debugjreg, are always 
output on the block_ppu_data bus whenever a read access is not taking place. See section 1 1.8 for more 
details of debug operation. 
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cou Mock sel 



PfSt n = 0 
btock_cpu_rdy a 0 
WocK_cpu_berr = 0 
Wocfc_cpM_data =» <tebug_reg_data 
Wock_cpu_debug_vafid = 1 



btock_cpu_data « reg_data 
block_cpu_debug_valid » 1 




btock_cpu_berr «* 0 



Figure 17. State machine for a CPU subsystem slave 



11.5 LEON CPU 



The LEON processor is an open-source implementation of the IEEE-1 754 standard (SPARC V8) instruc- 
tion set. LEON is available from and actively supported by Gaisler Research (www.gaisler.com). 

The following features of the LEON-2 processor will be utilised on SoPEC: 



• IEEE- 1 754 (SPARC V8) compatible integer unit with 5-stage pipeline 

• Separate instruction and data cache (Harvard architecurc) 

• Set-associative caches: 1-4 sets, 1-64 kbyte/set. Random, LRR or LRU replacement. Direct 
mapped cacches are also available and are the more likely option for SoPEC. 

• Full implementation of AMBA-2.0 AHB on-chip bus 

• Power-down mode 

The standard release of LEON incorporates a number of peripherals and support blocks which will not be 
included on SoPEC. The LEON core as used on SoPEC will consist of: 1) the LEON integer unit, 2) pos- 
sibly the instruction and data caches (currently under review), 3) the cache control logic (to be signifi- 
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cantly reduced by optimisation if the caches are not used), 4) the AHB interface and 5) possibly the AHB 
controller (although this functionality may be implemented in the LEON Bridge). 

The version of the LEON database that the SoPEC LEON components will be sourced from is LEON2- 
1.0.8 although later versions may be used if they offer worthwhile functionality or bug fixes that affect the 
SoPEC design. Note that if the LEON caches are not used then we may revert to vl.0.7 of the database as 
the cache control logic is likely to be simpler and easier to optimise away (v 1.0.8 introduced support for 
set-associative caching) 

The LEON core will be clocked using the system clock, pclk, and reset using the prstjnjsectionp] signal. 
The ICU will assert all the hardware interrupts using the protocol described in section 11. 9. The particular 
types of SRAMs (for LEON caches) and register files used will be determined during the implementation 
phase. The LEON hardware multipliers are notexpected to be required. Furthermore it is anticipated that 
SoPEC will use the recommended 8 register window configuration 

Further details of the SPARC V8 instruction set and the LEON processor can be found in [32] and [33] 
respectively. 

1 1 .6 Memory Management Unit (MMU) 

Memory Management Units are typically used to protect certain regions of memory from invalid accesses, 
to perform address translation for a virtual memory system and to maintain memory page status (swapped- 
in, swapped-out or unmapped) 

The SoPEC MMU is a much simpler affair whose function is to ensure that all regions of the SoPEC mem- 
ory map are adequately protected. The MMU does not support virtual memory and physical addresses are 
used at all times - the one exception to this is the address translation of the reset vector. The SoPEC MMU 
supports a full 32-bit address space. A proposed memory map is shown in Figure 18 below. 

The MMU selects the relevant bus protocol and generate the appropriate control signals depending on the 
area of memory being accessed. The MMU is responsible for performing the address decode and genera- 
tion of the appropriate block select signal as well as the selection of the correct block read bus during a 
read access. The MMU will need to support all of the bus transactions the CPU can produce including 
interrupt acknowledge cycles, aborted transactions etc. 

When an MMU error occurs (such as an attempt to access a supervisor mode only region when in user 
mode) a bus error is generated. While the LEON can recognise different types of bus error (e.g. data store 
error, instruction access error) it appears to handle them in the same manner as it handles all traps i.e it will 
transfer control to a trap handler. No extra state information appears to be stored because of the nature of 
the trap.The location of the trap handler is contained in the TBR (Trap Base Register). This is the same 
mechanism as is used to handle interrupts. Further investigation is needed to determine exactly how LEON 
behaves when a bus error type trap occurs to determine the best approach to handling bus errors. It may be 
simplest to just treat them as the highest priority interrupt 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



^29 Nov 2002 
Page 73 



SoPEC : Hardware Design 



Accesses in this 
area are not 
allowed and 
result in a bus 
error exception. 



Accesses in this 
area are via the 
CPU bus and are 
controlled by 
permissions set in 1 
each peripheral. 



Accesses in this 
area are via the 
DIU bus and are 
controlled by 
permissions set in) 
the MMU. 




OxFFFF FFFF 



PCU Mapped Registers 



Peripheral Registers 



ROM 



ORAM 



Ox002A_C0OO 
Ox002A_0000 
0x0029^0000 
0x0028^0000 




DRAM 
Regions 



0x0000^0000 



Figure 18. Proposed SoPEC CPU memory map (not to scale) 

1 1 .6.1 CPU-bus peripherals address map 

The address mapping for the peripherals attached to the CPU-bus is shown in Table 16 below. The MMU 
performs the decode of the high order bits to generate the relevant cpuJblock_select signal. Apart from the 
PCU, which decodes the address space for the PEP blocks, each block only needs to decode as many bits 
of cpu_adr[l 1:2] as required to address all the registers within the block. 



Table 16. CPU-bus peripherals address map 





MMU_base 


0x0029_0000 


TIM_base 


0x0029_1000 


LSS_base 


0x0029_2000 


GPICLbase 


OxOO29_3O00 


SCB_base 


0x0029_4000 


ICU_base 


0x0029_5000 


CPFLbase 


0x0029.6000 


ROM_baso 


0x0029^.7000 


DIU_base 


0x0029_8000 


PSS_base 


0x0029_9000 
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Table 16. CPU-bus peripherals address map 







Reserved 


0x002 9_A000 to 0xOO29_FFFF 


PCU_base 


Ox002A_0000 



11.6.2 DRAM Region Mapping 

The embedded DRAM is broken into 8 regions, with each region defined by a lower and upper bound 
address and with its own access permissions. 

The association of an area in the DRAM address space with a MMU region is completely under software 
control. Table 17 below gives one possible region mapping. Regions should be defined according to their 
access requirements and position in memory. Regions that share the same access requirements and that are 
contiguous in memory may be combined into a single region. The example below is purely for indicative 
purposes - real mappings are likely to differ significantly from this. Note that the RegionBottom and Regi- 
onTop fields in this example are byte aligned and would need to be right-shifted by 5 places to obtain the 
256-bit aligned value used to program the RegionNTop and RegionNBottom registers, or more details see 
11.6.5.1 and 11.6.5.2. 



Table 17. Example region mapping 











0 


0x0000_0000 


OxOOOO.OFFF 


SJJverbrook OS (supervisor) data 


1 


0xOO0O_1000 


OxOOOO.BFFF 


Sitverbrook OS (supervisor) code 


2 


Ox0000_COO0 


0x0000_C3FF 


Sitverbrook (supervisor/user) data 


3 


0x00fXLC400 


Ox00O0_CFFF 


Sitverbrook (supervisor/user) code 


4 


0xOO26_DOO0 


0xO026_D3FF 


OEM (user) data 


5 


0x0026^0400 


0x0026__DFFF 


OEM (user) code 


6 


0xOO27_E000 


0x0027_FFFF 


Shared Sifverb rook/OEM space 


7 


0x0000^0000 


0x0026_CFFF 


Compressed page store (supervisor data) 



11.6.3 No n- DRAM regions 

As shown in Figure 18 the DRAM occupies only 2.5 MBytes of the total 4 GB SoPEC address space. The 
non-DRAM regions of SoPEC are handled by the MMU as follows: 

ROM (0x0028.0000 to Ox0028_FFFF): The ROM block will control the access types allowed. The 
cpu_acode[l:0] signals will indicate the CPU mode and access type and the ROM block will assert 
rom_cpu_berr if an attempted access is forbidden. The protocol is described in more detail in section 
1 1.4.3. The ROM block access permissions are hard wired to allow all read accesses except to the Fuse- 
Chip ID registers which may only be read in supervisor mode. 

MMU Internal Registers (0x0029^0000 to Ox0029_OFFF): The MMU is responsible for controlling the 
accesses to its own internal registers and will only allow data reads and writes (no instruction fetches) 
from supervisor data space. All other accesses will result in the mmu_cpu_berr signal being asserted in 
accordance with the CPU native bus protocol. 

CPU Subsystem Peripheral Registers (0x0029.1000 to 0x0029_FFFF): Each peripheral block will 
control the access types allowed. Every peripheral will allow supervisor data accesses (both read and 
write) and some blocks (e.g. Timers and GPIO) will also allow user data space accesses as outlined in the 
relevant chapters of this specification. Neither supervisor nor user instruction fetch accesses are allowed to 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



23 Nov 2002 
Page 75 



SoPEC : Hardware Design 



any block as it is not possible to execute code from peripheral registers. The bus protocol is described in 
section 11.4.3. 

| PCU Mapped Registers (0x002 AJ>000 to 0x002 AJ&FFF): All of the PEP blocks registers which are 

accessed by the CPU via the PCU will inherit the access permissions of the PCU. These access permis- 
sions are hard wired to allow supervisor data accesses only and the protocol used is the same as for the 
CPU peripherals. 

| Unused address space (0x0O2A_C000 to OxFFFFJFFFF): All accesses to the unused portion of the 

address space will result in the mmu^cpujberr signal being asserted in accordance with the CPU native 
bus protocol. These accesses will not propagate outside of the MMU i.e. no external access will be initi- 
ated. 

| 1 1 .6.4 Reset exception vector and reference zero traps 

I When a reset occurs the LEON processor starts executing code from address 0x0000^0000. On SoPEC the 

I embedded DRAM occupies this area of the address map. As the DRAM contents are undefined when the 

processor comes out of reset (this is certainly the case with a power-on and most other resets that can occur 
on SoPEC) the MMU will need to redirect accesses from 0x0000_0000 through 0x0000_00?? (the mini- 
mum amount of redirection is currently TBD but is likely to be at least 16 bytes) to the bottom of the ROM 
i.e. to 0x0028^0000 through 0x0028_00??. 

A common software bug is zero-referencing or null pointer de-referencing (where the program attempts to 
access the contents of address 0x0000^0000). To assist software debug the MMU will assert a bus error 
every time the reset locations are accessed after the reset trap handler has legitimately been retrieved 
immediately after reset. If desired this condition could be result in a unique trap (e.g. a watchpoint 
detected trap) 

11.6.5 MMU Configuration Registers 

These are the only configuration registers in the CPU block. Note that all the MMU configuration registers 
may only be accessed when the CPU is running in supervisor mode. 



Table 18. MMU Configuration Registers 







H 






0x00 


RegionOBottom 


17 


OxOJXXX) 


Thfs register contains the physical address that 
marks the bottom of region 0 


0x04 


ReglonOTop 


17 


0xF_FFFF 


This register contains the physical address that 
marks the top of region 0. Region 0 covers the 
entire address space after reset whereas all 
other regions are zero-sized initially. 


0x03 


Region 1 Bottom 


17 


0x0.0000 


This register contains the physical address that 
marks the bottom of region 1 


OxOC 


Region 1 Top 


17 


0xO_OO00 


This register contains the physical address that 
marks the top of region 1 


0x10 


Region2Bottom 


17 


OxOJXXX) 


This register contains the physical address that 
marks the bottom of region 2 


0x14 


Region3Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 2 


0x18 


Reglon3Bottom 


17 


OxO_00OO 


This register contains the physical address that 
marks the bottom of region 3 


0x1 C 


Region3Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 3 
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Table 18. MMU Configuration Registers 











0x20 


Region4Bottom 


1 / 


Aw/t /WW"* 

uxu_uuuu 


This register contains the physical address that 
marks the bottom of region 4 


0x24 


Region4Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 4 


0x28 


RegionSBottom 


17 


0x0_0000 


This register contains the physical address that 
marks the bottom of region 5 


UX2C 


Region STbp 


17 


0x0_0000 


This register contains the physical address that 
marKS uic cup oi rwyion 9 


0x30 


Regions Bottom 


1 f 


uxu__yuuu 


1 ms regisier contains xne pnysicai aooress mat 
marks the bottom of region 6 


0x34 


Region6Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 6 


0x38 


Region7Bottom 


17 


✓\ j*N AAAA 

0x0__0000 


This register contains the physical address that 
marks the bottom of region 7 


0x3C 


Region7Top 


17 


0x0_0000 


This register contains the physical address that 
marks the top of region 7 


0x40 


RegionOControi 


6 


0x07 


Control register for region 0 


0x44 


Region 1 Control 


6 


0x07 


Control register for region 1 


0x48 


Region2ControJ 


6 


0x07 


Control register for region 2 


0x4C 


Region3Control 


6 


0x07 


Control register for region 3 


0x50 


Region4Control 


6 


0x07 


Control register for region 4 


0x54 


RegJon5 Control \ 


6 


0x07 


Control register for region 5 


0x58 j 


Region6Control 


6 


0x07 


Control register for region 6 


OxSC 


Reglon7Control 


6 


0x07 


Control register for region 7 


0x60 • 


BusTimeout j 


16 


0x00 FF 


This register should be set to the number of pcik 
cycles to wait before aborting an access with a 
bus error. 


0x64 


DebugSelect 


7 


0x00 


Contains address of the register selected for 
debug observation. It is expected that a number 
of pseudo-registers will be made available for 
debug observation and these will be outlined 
during the implementation phase. 



1 1 . 6. 5. 1 Region Top and RegionBottom registers 

The 20 Mbit of embedded DRAM on SoPEC is arranged as 81920 words of 256 bits each. All region 
boundaries need to align with a 256-bit word Thus only 17 bits are required for the RegionNTop and 
RegionNBottom registers. The byte address of these locations can be obtained by simply left-shifting the 
register value by 5 bits i.e. cpu_adr[21:0] — RegionNTop/Bottom[16:0] « 5. 

Both the RegionNTop and RegionNBottom registers are inclusive i.e. the addresses in the registers are 
included in the region. The size of smallest active region is therefore 2 256-bit words i.e. 64 bytes. 

If DRAM regions overlap (there is no reason for this to be the case but there is nothing to prohibit it either) 
then only accesses allowed by all overlapping regions are permitted That is if a DRAM address appears in 
. both Region! and Region3 (for example) the cpujjcode of an access is checked against the access permis- 
sions of both regions. If both regions permit the access then it will proceed but if either or both regions do 
not permit the access then it will not be allowed. 
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The MMU does not support negatively sized regions i.e. the value of the RegionNTop register should 
always be greater that the value of the RegionNBottom register. If RegionNTop is lower in the address map 
than RegionNTop then the region is considered to be zero-sized and is ignored. 

When both the RegionNTop and RegionNBottom registers for a region contain the same value the region is 
then simply one 256-bit word in length and this corresponds to the smallest possible active region. 

11.6.5.2 Region Control registers 

Each memory region has a control register associated with it. The RegionNControl register is used to set 
the access conditions for the memory region bounded by the RegionNTop and RegionNBottom registers. 
Table 19 describes the function of each bit field in the RegionNControl registers. All bits in a RegionNCon- 
trol register are both readable and writable by design. However, like all registers in the MMU, the 
RegionNControl registers can only be accessed by code running in supervisor mode. 



Table 19. Region Control Register 





0J8KS 




SupervisorAccess 


2:0 


Denotes the type of access allowed when the CPU is running in 
Supervisor mode. For each access type a 1 indicates the access is 
permitted and a 0 indicates the access is not permitted. 
bitO - Data read access permission 
bft1 - Data write access permission 
bit2 - Instruction fetch access permission 


User Access 


5:3 


Denotes the type of access allowed when the CPU is running in 
User mode. For each access type a 1 indicates the access is per- 
mitted and a 0 indicates the access is not permitted. 
bit3 - Data read access permission 
bit4 - Data write access permission 
bit5 - Instruction fetch access permission 



11.6.5.3 Status Register 

The SPARC V8 architecture allows for a number of types of memory access error to be trapped. These trap 
types and trap handling in general are described in chapter 7 of the SPARC architecture manual [32]. 
According to the SPARC architecture manual the processor will automatically move to the next register 
window (i.e. it decrements the current window pointer) and copies the program counters (PC and nPC) to 
two local registers in the new window. The supervisor bit in the PSR is also set and the PSR can be saved 
to another local register by the trap handler (this does not happen automatically in hardware). 

At the time of writing it is not clear whether the LEON core can easily accept memory access error trap 
types (i.e. the 8-bit tt field of the Trap Base register). Further investigation is needed to determine it this is 
possible and if existing trap types will cover the different types of bus error possible on SoPEC. Up to 32 
implementation specific trap types are allowed so conditions unique to SoPEC can be handled in this man- 
ner. 

If it is not possible for sufficient information about the cause of the bus error to be passed to the LEON 
core using the above mechanisms then a status register will be implemented to record the relevant informa- 
tion. 

11.6.6 MMU Sub-block partition 

As can be seen from Figure 19 and Figure 20 the MMU consists of five principal sub-blocks. For clarity 
the connections between these sub-blocks and other SoPEC blocks and between each of the sub-blocks are 
shown in two separate diagrams. 
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Figure 19. MMU Sub-block partition, external signal view 
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Figure 20. MMU Sub-block partition, internal signal view 

11.6.6.1 LEON Bridge 

At the time of writing it is expected that the LEON core will be used with its AHB interface rather than be 
modified to comply with the protocols used on SoPEC, in particular the DIU protocol for DRAM access. 
The LEON bridge consists of an AHB bridge and some glue logic. The AHB bridge will convert between 
the AHB and the DIU and CPU subsystem bus protocols. The AHB bridge will always be a slave on the 
AHB. Glue logic will be required to assist with endianness coherency, interrupts and other miscellaneous 
signalling. 



Table 20. LEON bridge l/Os 



Global SoPEC signals 



prst_n 


1 


tn 


Global reset Synchronous to pdk, active low. 


pcik 


1 


In 


Global dock 


LEON Bridge to AHB signals 


haddr(31:0] 


32 


In 


AHB address bus 


hwdata[31:0J 


32 


In 


AHB write data bus 


hrdata[31:0] 


32 


Out 


AHB read data bus 


hsel 


1 


in 


AHB slave select signal 
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Table 20. LEON bridge VOs 





mm 






hwrite 


1 


In 


AHB write signal: 
1 - Write access 
0 - Read access 


h trans 


2 


In 


Indicates the type of the current transfer: 

00 -IDLE 

01 • BUSY 

10-NONSEQ 

1 1 - SEQ 


hstze 


3 


In 


Indicates the size of the current transfer: 

000 - Byte transfer 

001 - Halfword transfer 
010- Word transfer 

v 1 1 • oHt-DiT iransier (unsupponeo () 
1 xx - Unsupported larger wordslzes 


h burst 


o 


in 


Indicates If the current transfer forms part of a burst and the type of 
burst 

000 - SINGLE 

001 - INCR 

010 - WRAP4 

011 -INCR4 

100 - WRAP8 

101 - INCR8 

1 10 - WRAP 16 

11 1 - INCR 16 


hprot 


4 


In 


Protection control signals pertaining to the current access: 
hprotfO] - Opcode(O) / Data(1) access 

hprot[2] - Non-bufferable(O) / Bufferable(l) access (unsupported) 
hprot(3] * Non-cacheable(O) / CacheabJe access 


hmaster 


4 


In 


Indicates the identity of the current bus master. This will always be 
the LEON core. 


hmastlock 


1 


In 


Indicates that the current master Is performing a locked sequence 
of transfers. 


hready 


1 


Out 


Active high ready signal Indicating the access has completed 


hresp 


2 


Out 


Indicates the status of the transfer: 

00 -OKAY 

01 - ERROR 

10 - RETRY 

11-SPUT 


hsplit 


16 


Out 


This 16-bit split bus is used by a slave to indicate to the arbiter 
which bus masters should be allowed attempt a split transaction. 
This feature wiD be unsupported on the AHB bridge 


Topfevel/ Common LEON bridge signals 


cpu_dataout(31 .-0] 


32 


Out 


Data out bus to both DRAM and peripheral devices. 


cpu_rwn 


1 


Out 


Read/NotWrtte signal. 1 = Current access is a read access, 0 = 
Current access is a write access 


lcu_cpujlevel[3:0] 


4 


In 


An interrupt is asserted by driving the appropriate priority level on 
icu_cpu_ilevBt. These signals must remain asserted until the CPU 
executes an interrupt acknowledge cycle. 


cpu_icujlevel[3:0) 


4 


In 


Indicates the level of the interrupt the CPU is acknowledging when 
cpujack is high 
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Table 20. LEON bridge l/Os 





wm 


WM 




cpujack 


1 


Out 


Interrupt acknowledge signal. The exact timing depends on the 
CPU core implementation 


cpu_start_access 


1 


Out 


Start Access signal indicating the start of a data transfer and that 
the cpu_adr, cpu_dataout t cpu^rwn and cpu_acode signals are all 
valid. This signal is only asserted during the first cycle ol an access. 


cpu_ben[1 .-0] 


2 


Out 


Byte enable signals. 


LEON core to LEON bridge signals 


iui.irl 


4 


Out 


Interrupt level request to the LEON Integer Unit 


iuoJrt 


4 


In 


Acknowledged interrupt level from the LEON Integer Unit 


Hjo.intack 


1 


In 


Interrupt acknowledge signal from the LEON Integer Unit 


LEON bridge to MMU Control Block signals 


cpu_mmu_adr 


32 


Out 


CPU Address Bus. 


mmu_cpu_data 


32 


In 


Data bus from the MMU 


mmu_cpu_rdy 


1 


In 


Ready signal from the MMU 


cpu_mmu_acode 


2 


Out 


Access code signals to the MMU 


mmu_cpu_be rr 


1 


In 


Bus error signal from the MMU 



Description: 

The LEON bridge must ensure that all CPU bus and interrupt transactions are functionally correct and that 
the timing requirements are met This sub-block is also responsible for ensuring endianness coherency i.e. 
guaranteeing that the correct data appears in the correct position on the data buses (hrdata, cpu^dataout 
and mmu_cpu_data) for every type of access. This is a requirement because the LEON uses big-endian 
addressing while the rest of SoPEC is little-endian. 

It is expected that some signals (especially those external to the CPU block) will need to be registered here 
to meet the timing requirements. Careful thought will be required to ensure that overall CPU access times 
are not excessively degraded by the use of too many register stages. 

11.6.6.2 DIU Bus interface 

The DIU bus interface will handle all valid accesses to the embedded DRAM via the DIU. The DIU bus 
interface ensures that the access conforms to the DIU bus protocol while the DIU manages the arbitration 
and data alignment. 



Table 21. DIU Bus Interface 1/Os 





mm 






Global SoPEC signals 


prst_n 


1 


In 


Global reset. Synchronous to pcWc, active low. 


pdk 


1 


In 


Global clock 


Toplevel/Common DIU Bus Interface signals 


dram_cpu_data[255:0] 


256 


In 


Read data from the DRAM. 


cpu_diu_rreq 


1 


Out 


Read request to the DIU DRAM 


diu_cpu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted. 


diu_cpu_rvalid 


1 


In 


Signal from DIU indicating that valid read data is on the I 
dram_cpu_data bus 


cpu_diu_wreq 


1 


Out 


Write request to the DIU 
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Table 21. OIU Bus Interface l/Os 



ISSSffliliE 








aru_cpu_waat 


1 


In 


Acknowledge from the DIU that the write request has been 
accepted 


cpu_diu_wvalid 


1 


Out 


Signal from the CPU to the DIU indicating that the data currently on 
the cpu_dataout bus is valid 


cpu_diu_wmask[1 :0] 


2 


Out 


Flag indicating format of CPU write to DRAM. These signals are 

directly derived from the cpu_ben signals 

cpu_diu_wmask = 00: 8-bit write 

cpv_diu_wma$k = 01 : 1 6-bit write 

cpu_diu_wmask = 10: 32-bit write 

cpu_diu_wmask =11: reserved 

cpu_adr{2:0] are driven in accordance with the width of the data 
access indicated by cpu_diu_wmask. Addresses cannot cross a 
256-bit word DRAM boundary. 


dram_rdy 


1 


Out 


Data Ready signal. Indicates the data on the dram_cpu_data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU tor a write cyde. 


DIU Bus Interface to MMU Control Block signals 


cpu_adn[21:0] 


22 


In 


Toplevel CPU Address bus. 


dram_data(31:0J 


32 


Out 


Data bus containing the 32 bits addressed by cpu_adr[4:2] from the 
256-bit DRAM read bus dramjcpujdata 


dram_acceas_en 


1 


In 


Enable Access signal. A DRAM access cannot be initiated unless it 
has been enabled by the MMU Control Unit 


DIU Bus Interface to ICacne signals 


ic_cache_hit 


1 


In 


Cache hit signal from the I Cache. This indicates that the current 
CPU read request is being serviced by the JCache and so should 
not be retrieved from the DRAM. 


DIU Bus Interface to LEON bridge signals 




cpu_ben[1:0) 


2 


In 


Byte enable signals from the LEON bridge. These are forwarded on 
to the DIU as the cpu diu wmask signals 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpu_adr, cpu_dataout cpu_rwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The DIU Bus Interface handles all data transfers between the CPU (or ICache) and the DIU. This involves 
translating between the different protocols used on the DIU and CPU buses. The validity (i.e. is the CPU 
running in the correct mode for the address space being accessed) of an access is determined by the MMU 
Control Block which also checks that a DRAM access does not cross a 256-bit boundary (as required by 
the DIU) and the dram_access_en is asserted if it is a valid access. Invalid accesses do not initiate DRAM 
accesses. The operation of the DIU Bus Interface is described by the state machine shown in Figure 21 and 
the DIU bus protocol is described in more detail in section 20.9. The DIU will return a 256-bit dataword 
on dram_cpu_data[255:0] for every read access. The DIU Bus Interface must select the appropriate 32-bit 
word from this according to the word address given by cpu_adr[4:2]. 
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Pfst n «== 0 

cpu_diu_rreq = 0 
cpu__diu_wreq = 0 
cpu_dnj_wvalid = 0 

dram_rdy = 0 



cou start access 




f Read AccessN 
V Initiated J 



diu cou rack \ 
cpu_diu_rroq = 0 



configure data select muxes 
according to cpu_adrt4^| 



vAcknowledged/ 



diu cou rvaKd 1 
i dram rdy = 1 

dram_dhta = dram_cpu_da&[n;n-31J 



dlu cou rvaNd = 

dram_rdy = o 



f Read AccessN 
Complete^/ 



/write AccessN 
V Initiated J 



diu cou wack c = 1 
cpu_diu_wreq = 0 




diu cpu wvaHd^.1 
dram_rdy = 1 



(Write AccessN 
Complete / 



dram^rdy « 0 



Figure 21. DIU Bus Interface state machine 



11.6.6.3 CPU Subsystem Bus interface 

The CPU Subsystem Interface block handles all valid accesses to the peripheral blocks that comprise the 
CPU Subsystem. 



Table 22. CPU Subsystem Bus Interface l/Os 



HDESEHK 




lew 




Global SoPEC signals 






prst_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


pclk 


1 


In 


Global clock 


Toplevel/Common CPU Subsystem Bus Interface signals 


cpu_cpr_sel 


1 


Out 


CPR block select. 


cpu_gpio_sel 


1 


Out 


GPIO block select. 


cpu_rcu_sel 


1 


Out 


ICU block select. 


cpujss_sel 


1 


Out 


LSS block select. 


cpu_pcu_sel 


1 


Out 


PCU block select. 
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Table 22. CPU Subsystem Bus Interface i/Os 



HBBflBi 




cpu_scb_sel 


— 


Out 


SCB block select. 


cpujim__seJ 


1 


Out 


Timers block select. 


cpu_rom_sel 




Out 


ROM block select. 


cpu_pss_sel 




Out 


PSS block select. 


cpu_diu,sel 




Out 


DIU block select 


cpr_cpu_data(31:0] 




in 


Read data bus from the CPR block 


gplo__cpu_data[31 :0] 


32 


In 


Read data bus from the GPIO Wock 


icu_cpu_data{31 :0] 


32 


In 


Read data bus from the ICU block 


lss_cpu_data[31 :0] 


32 


In 


Read data bus from the LSS block 


pcu_cpu_data[31 :0] 


32 


In 


Read data bus from the PCU block 


scb_cpu_data[31 :0] 


32 


In 


Read data bus from the SCB block 


tim_cpu_data(31:0] 


32 


In 


Read data bus from the Timers Wock 


rom_cpu_data[31 :0] 


32 


In 


Read data bus from the ROM Wock 


pss_cpu_dataf31 :0] 


32 


In 


Read data bus from the PSS Wock 


diu_cpu_data[31 :0] 


32 


In 


Read data bus from the Dill Wock 


cpr_cpu_ndy 


1 


m 


Ready signal to the CPU. When cpr_cpu_rdyis high it indicates the 
last cycle of the access. For a write cycle this means cpu_dataout 
has been registered by the CPR Wock and for a read cycle this 
means the data on cpr_cpu_data is valid. 


gpio_cpu_rdy 




In 


GPIO ready signal to the CPU. 


icu_cpu_rdy 


1 


In 


ICU ready signal to the CPU. 


lss_cpu_rdy 


1 


In 


LSS ready signal to the CPU. 


pcu_cpu_rdy 


1 


In 


PCU ready signal to the CPU. 


scb_cpu_rdy 


1 


In 


SCB ready signal to the CPU. 


tim_cpu_rdy 




In 


Timers Wock ready signal to the CPU. 


rom_cpu_rdy 




In 


ROM block ready signal to the CPU. 


pss_cpu_rdy 




In 


PSS block ready signal to the CPU. 


diu_cpu_rdy 




In 


DIU register block ready signal to the CPU. 


cpr_cpu_berr 




In 


Bus Error signal from the CPR Wock 


gpio_cpu_berr 




In 


Bus Error signal from the GPIO Wock 


tcu_cpu_berr 




In 


8us Error signal from the 1QU Wock 


lss__cpu_berr 




In 


Bus Error signal from the LSS block 


ocu_cpu_berr 




In 


Bus Error signal from the PCU Wock 


scb_cpu_berr 




In 


Bus Error signal from the SCB Wock 


tim_cpu_berr 




In 


Bus Error signal from the Timers Wock 


rom_cpu_berr 




In 


Bus Error signal from the ROM Wock 


pss_cpu_berr ! 




In 


Bus Error signal from the PSS block 


diu_cpu_berr 




In 


Bus Error signal from the DIU Wock 


CPU Subsystem Bus Interface to MMU Control Block signals 


cpu_adr(19:12] 


6 


In 


Toplevel CPU Address bus. Only bits 19-12 are required to decode 
the peripherals address space 


perL.access_en 


1 


In 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 
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Table 22. CPU Subsystem Bus Interface l/Os 





ESI 






peri_mmu_data[31 :0J 


32 


Out 


Data bus from the selected peripheral 


peri_mmu_rdy 


1 


Out 


Data Ready signal. Indicates the data on the p&ri_mmujdata bus is 
valid for a read cycle or that the data was successfully written to the 
peripheral for a write cycle. 


peri_mmu_b en- 


1 


Out 


Bus Error signal. Indicates a bus error has occurred In accessing 
the selected peripheral 


CPU Subsystem Bus Interface to LEON bridge signals 


cpu_start_acce$s 


1 


In 


Start Access signal from the LEON bridge Indicating the start of a 
data transfer and that the cpu^adr, cpu_dataout, cpu^rwn and 
cpu^acode signals are ail vaiid. This signal is only asserted during 
the first cycle of an access. 



Description: 

The CPU Subsystem Bus Interface block performs simple address decoding to select a peripheral and mul- 
tiplexing of the returned signals from the various peripheral blocks. The base addresses used for the 
decode operation are defined in Table 16. Note that access to the MMU configuration registers are handled 
by the MMU Control Block rather than the CPU Subsystem Bus Interface block. The CPU Subsystem Bus 
Interface block operation is described by the following pseudocode: 

mas ked_cpu_adr = cpu_adr [19:12] 
case (masked_cpu_adr ) 
when TIM_base[19 :12] 

cpu_tim_sel = peri_access_en // The peri_access_en signal will have the 

peri_jnmu_data = tim_cpu_data // timing required for block selects 

peri - /nmu_rdy - t im_cpu_rdy 

peri - mmu_berr = tim_cpu_berr 

all_other_selects = 0 // Shorthand to ensure other cpu_block_sel signals 

// remain deasserted 

when LSS_base[19: 12] 

cpu_lss_sel « peri_access_en 

peri_rranu_data = lss_cpu_data 

peri_minu_rdy = lss_cpu_rdy 

peri_mmu_berr = lss_cpu_berr 

all_other_selects = 0 
when GPIO_base(19:12] 

cpu_gpio_sel = peri_access_en 

peri_mmu_data = gpio_cpu_data 

peri_^rou_rdy - gpio„cpu_rdy 

peri _jnrau_.be rr = gpio__cpu_berr 

all_other_s elects = 0 
when SCB_base{19:12] 

cpu_scb_sel = peri_access_en 

peri__mrau_data = scb_cpu_data 

peri_jnrou__rdy * scb_cpu_rdy 

peri_jnmu_berr = scb_cpu_berr 

all_other_selects = 0 
when ICU_base(19:12] 

cpu_icu_sel = peri_access_en 

peri_jnmu_data = icu_cpu_data 

peri_jnrnu_rdy = icu_cpu_rdy 

peri w mrau_berr = icu_.cpu_.berr 

all_other_selects « 0 
when CPR_basef 19:12] 

cpu_cpr_sel = peri_access_en 

perijnmu_data = cpr_cpu_data 
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peri_mmu_rdy = cpr_cpu_rdy 
peri_mnu_berr = cpr_cpu_berr 
a ll_other_s elects ■ 0 

when ROM_base[19:12] 

cpu_rom.se! = peri_access_en 
peri_-mu_data = rom_cpu_data 
peri_mmu_rdy = rom_cpu_rdy 
peri_pnnu_berr - r om_cp u_be r r 
all_other_ selects = 0 

when PSS_baseU9:12] 

cpu_pss_sel = peri_access_en 
peri_mmu_data = pss_cpu_data 
peri_m mu_rdy = pss_cpu_rdy 
peri_ punu_berr = pss_cpu_berr 
oll_other_selec.ts ■ 0 

when DIU_base[19:12] 

cpu_diu_sel = peri_access__en 
peri _mmu_data = diu_cpu_data 
peri_mmu_rdy = diu_cpu_rdy 
peri _jnmu_beirr = diu_cpu_berr 
all_other_selects « 0 

when PCU_base(19:12J 

cpu_diu_ sel = peri_access_en 
peri_jranu_data = pcu_cpu_data 
peri_m rnu_rdy = pcu_crpu_rdy 
peri_mmu_berr = pcu_cpu_berr 
all_other_selects = 0 

when others 

| all_block_selects = 0 

perOnmu_data = 0x00000000 
peri__mmu_rdy = 0 
peri _— mu_berr = 1 
end case 



11.6.6.4 MMU Control Block 

The MMU Control Block determines whether every CPU access is a valid access. No more than one cycle 
is to be consumed in determining the validity of an access and all accesses must terminate with the asser- 
tion of either mmu_cpu_rcty or mmu_cpu_berr. To safeguard against stalling the CPU a simple bus timeout 
mechanism will be supported. 



| Table 23. MMU Control Block l/Os 







mm 




Global SoPEC signals 


prst_n 


1 


In 


Global reset Synchronous to pcik, active low. 


pcflc 


i 


In 


Global clock 


Toplevel/Common MMU Control Block signals 


cpu_adrf21:0] 


22 


Out 


Address bus for both DRAM and peripheral access. 


cpu_acode[1 :0] 


2 


Out 


CPU access code signals (cpu_mmu_acode) retimed to meet the 
CPU Subsystem Bus timing requirements 


dram_access_en 


1 


Out 


DRAM Access Enable signal. Indicates that the currenl CPU 
access is a valid DRAM access. 


MMU Control Block to LEON bridge signals 
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Table 23. MMU Control Block l/Os 











cpu_mmu_adr[31 :0] 


32 


In 


CPU core address bus. 


cpu_dataout[3l:0J 


32 


In 


Toplevel CPU data bus 


mmu_cpu_dala(31 :0] 


32 


Out 


Data bus to the CPU core. Carries the data for all CPU read ope ra- 
ttens 


cpu_rwn 


1 


In 


Toplevel CPU Read/notWrite signal. 


cpu_mmu_acode{1 .-0] 


2 


In 


CPU access code signals 


mmu_cpu_rdy 


1 


Out 


Ready signal to the CPU core. Indicates the completion of all valid 
CPU accesses. 


mmu_cpu_berr 


1 


Out 


Bus Error signal to the CPU core. This signal Is asserted to termi- 
nate an invalid access. 


cpu_start_access 


1 


In 


Start Access signal from the LEON bridge indicating the start of a 
data transfer and that the cpuj&dr, cpu_dataout, cpu_rwn and 
cpu^acode signals are all valid. This signal is only asserted during 
the first cycle of an access. 


cpujack 


1 


In 


Interrupt Acknowledge signal from the CPU. This signal is only 
asserted during an interrupt acknowledge cyde. 


cpu_ben[1 .-0] 


2 


In 


Byte enable signals indicating which bytes of the 32-bit bus are 
being accessed. 


MMU Control Block to OIU Bus Interface signals 


dram_rdy 


1 


In 


Data Ready signal. Indicates the data on the dram_cpu_data bus is 
valid for a read cycle or that the data was successfully dispatched 
to the DIU for a write cycle. 


MMU Control Block to (Cache signals 


ic_data(31:0] 


32 


In 


Data bus from the ICache 


ic_rdy 


1 


In 


Ready signal from the ICache indicating the data on ic_data is valid 


MMU Control Block to CPU Subsystem Bus Interface signals 


peri_access_en 


1 


Out 


Enable Access signal. A peripheral access cannot be initiated 
unless it has been enabled by the MMU Control Unit 


peri_mmu_data[31 :0J 


32 


In 


Data bus from the selected peripheral 


peri__mmu_rdy 


1 


In 


Data Ready signal. Indicates the data on the peri_mmu_data bus is 
valid for a read cycle or that the data was successfully written to the 
peripheral for a write cycle. 


pen_mmu_berr 


1 


In 


Bus Error signal. Indicates a bus error has occurred in accessing 
the selected peripheral 



Description: 

The MMU Control Block is responsible for the MMU's core functionality, namely determining whether or 
not an access to any part of the address map is valid. An access is considered valid if it is to a mapped area 
of the address space and if the CPU is running in the appropriate mode for that address space. Furthermore 
the MMU control block must correctly handle the special cases that are: an interrupt acknowledge cycle, a 
reset exception vector fetch, an access that crosses a 256-bit DRAM word boundary and a bus timeout 
condition. The following pseudocode shows the logic required to implement the MMU Control Block 
functionality. It does not deal with the timing relationships of the various signals - it is the designer's 
responsibility to ensure that these relationships are correct and comply with the different bus protocols. 
For simplicity the pseudocode is split up into numbered sections so that the functionality may be seen 
more easily. 
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PSO Description: This first segment of code defines a number of constants and variables that are used 
elsewhere in this description. Most signals have been defined in the I/O descriptions of the MMU sub- 
blocks that precede this section of the document. The post_reset jstate variable is used later (in section 
PS4) to determine if we should translate the reset exception vector address or trap a null pointer access. 



const UnusedBottom = 0x002AC0OO 
const DRAMTop ■ Ox0027FFFF 
const UserDataSpace = bOl 
const UserProgramSpace * bOO 
const SupervisorDataSpace = bll 
const SupervisorProgramSpace = blO 

const timeout_limit = 0x40 // Need to confirm that this is a suitable value 
const ResetExceptionCycles = 0x8 

cpu_adr_per i_masked C 7 : 0 ] = cpu_mmu_adr [19: 12 J 
cpu_adr_dram_masked(16:01 - cpu_mmu_adr & OxO03FFFEO 

if (prst^n == 0) then // Initialise everything 

cpu_adr - cpu_mrau_adr [21:0] 
peri_access_en = 0 
dram_access_en ~ 0 
mmu_cpu_data = peri_mmu_data 
mmu_cpu_rdy c 0 
mrau_cpu_berr - 0 
post_reset_state = TRUE 
access_initiated = FALSE 
cpu_access_cnt = 0 

// The following is used to determine if we are coming out of reset for the purposes of 
// reset exception vector redirection. There may be a convenient signal in the CPU core 
// that we could use instead of this. 

if ( {cpu.start.access « 1) AND <cpu_access_cnt < ResetExceptionCycles ) AND 
(clock_tick == TRUE) ) then 
cpu_access_cnt = cpu_access_cnt +1 
else 

post_reset_state = FAI.SE 

PS1 Description: This section is at the top of the hierarchy that determines the validity of an access. The 
address is tested to see which macro-region (i.e. Unused, CPU Subsystem or DRAM) it falls into or 
whether the reset exception vector is being accessed. 



elsif < (cpu_mmu_adr > DRAMTop) AND (cpu_mrou_adr < UnusedBottom)) then 

//We are in the CPU Subsystem/ PEP Subsystem address space. See section PS3 

// Only remaining possibility is an access to DRAM address space 

// First we need to intercept the special case for the reset exception vector 

elsif <cpu_mmu_adr < 0x00000010) then 

// The reset exception is being accessed. See section P84 

elsif ( (cpu_adr_dram_masked >- Reg ionOBot torn) AND (cpu_adr_dram_masked <= 
RegionOTop) ) then 
// We are in RegionO. See section PS5 

elsif ( <cpu_adr_dran\_nvas)ted >= Reg ionNBot torn) AND (cpu_adr_o\raiT\_masked <= 



PSO: 



PS1: 



if < cpu_ntmu_adr >= UnusedBottom) then 

// The access is to an invalid area of the address space. See section PS2 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 89 



SoPEC : Hardware Design 



RegionNTop) ) then //we are in RegionN 
// Repeat the RegionO (i.e. section PS5) logic for each of Regionl to Region7 

else //We could end up here if there were gaps in the DRAM regions 
peri_access_en = 0 
dram_access_en = 0 

romu_cpu_berr a 1 //we have an unknown access error, most likely due to hitting 
mtnu_cpu_rdy =0 //a gap in the DRAM regions 

// Only thing remaining is to implement a bus timeout function. This is done in PS6 

end 

PS2 Description: Accesses to the large unused area of the address space are trapped by this section. No 
bus transactions are initiated and the mmu_cpu_berr signal is asserted. 

PS2: 

elsif <cpu_mmu_adr >= UmisedBottom) then 

peri_access_en =0 // The access is to an invalid area of the address space 
dram_access_en = 0 
mmu_cpu_berr = 1 
mmu_cpu_rdy « 0 

PS3 Description: This section deals with accesses to CPU Subsystem peripherals, including the MMU 
itself. If the MMU registers are being accessed then no external bus transactions are required Access to 
the MMU registers is only permitted of the CPU is making a data access from supervisor mode, otherwise 
a bus error is asserted and the access terminated. For non-MMU accesses then transactions occur over the 
CPU Subsystem Bus and each peripheral is responsible for determining whether or not the CPU is in the 
correct mode (based on the cpu_acode signals) to be permitted access to its registers. Note that all of the 
PEP registers are accessed via the PCU which is on the CPU Subsystem Bus. 

PS3: 

elsif ( ( cpu_mmu_adr > DRAMTop) AND (cpu_mmu_adr < UmisedBottom) > then 
//We are in the CPU Subsystem/ PEP Subsystem address space 

cpu_adr = cpu_mrau_adr [21:0] 

if (cpu_adrjerLmasked == MMU_base) then // access is to local registers 
peri_acceas_en = 0 
dram_access_en = 0 

if (cpu_acode -= SupervisorDataSpace) then 
for (i=0; i<26; i*+) { 

if ( (i a» cpu_mmu_adr ( 6 : 2 ] ) then // selects the addressed register 
if <cpu_rwn 1) then 

mmu_cpu_data(16:0) = MMUReg [ i ] // MMUReg [i J is one of the 
mmu_cpu_rdy =1 // registers in Table 18 

mmu_cpu_berr - 0 
else // write cycle 

MMUReg (i] = cpu_dataout ( 1 6 : 0 J 
mmu_cpu_rdy = 1 
mmu_cpu — berr = 0 
else // there is no register mapped to this address 

mtnu_cpu_berr * 1 // do we really want a bus_error here as registers 
mmu_cpu_rdy = 0 // are just mirrored in other blocks 

else //we have an access violation 
■ . mrou_cpu_berr - 1 

ramu_cpu_rdy = 0 

else // access is to something else on the CPU Subsystem Bus 
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peri_access_en = 1 
dram_access_en = 0 
mrau_cpu_data = peri_jnmu_data 
nnnu_cpu_rdy = peri _mrau_rdy 
nraiu_cpu_berr = peri_mnm_berr 



PS4 Description: The only correct accesses to the locations beneath 0x00000010 are fetches of the reset 
trap handling routine and these should be the first accesses after reset. Here we trap all other accesses to 
these locations regardless of the CPU mode. This most likely cause of such an access will be the use of a 
null pointer in the program executing on the CPU. 



elsif < cpu_mmu_adr < 0x00000010) then //may need to translate a wider range - depends 
if <post_reset_state « TRUE)) then // on how LEON handles the reset exception. 
cpu_adr[21:0] = {ROM_base(21 : 3] , cpu_mmu_adr [ 2 : 0 ) ) 
peri_access_en = 1 
drara_access_en = 0 
mmu_cpu_data = peri _jnnm_data 
nrmu_cpu_rdy = peri_mmu_rdy 
mmu_cpu_berr = peri_mmu_berr 
else //we have a problem (almost certainly a null pointer) 
peri_access_en = 0 
dran\_access_en = 0 
mmu_cp u_b e r r = 1 
mtnu_cpu_rdy = 0 



PS5 Description: This large section of pseudocode simply checks whether the access is within the bounds 
of DRAM RegionO and if so whether or not the access is of a type permitted by the RegionOControl regis- 
ter. If the access is permitted then a DRAM access is initiated for all data accesses and for instruction 
fetches that result in a cache miss. All instruction fetches are returned via the ICache interface regardless 
of whether they come from a cache hit or refill from DRAM. If the access is not of a type permitted by the 
RegionOControl register then the access is terminated with a bus error. 



elsif ( (cpu_adr_dram_masked >= RegionOBottom) AND (cpu_adr_dram_masked <= 



RegionOTop) ) then //we are in RegionO 

//We need to check that the DRAM access does not cross a 256 -bit boundary 
// Only 16 or 32 -bit CPU accesses are capable of traversing a 2 56-bit boundary 

if ( ( <cpu_mmu_adr[4:0) == OxlF) AND (<cpu_ben == bOl) OR (cpu^ben == bio) ) ) 
OR < (cpu_rarau_adr [4 :0] == OxlE) AND (cpujben == blO)) 
OR ( ( cpu_nrmu_adr [ 4 : 0 ) =- OxlD) AND (cpu_ben « blO)) ) then 

peri_access_en = 0 

dram_access_en = 0 

mmu_cpu_berr = 1 

rnmu_cpu_rdy = 0 

else // access does not cross 256-bit boundary so we can proceed 
cpu_adr = cpu_?nmu_adr (21:0] 
if (cpu_rwn == 1) then 



if ( (cpu_acode == SupervisorProgramSpace AND RegionOControl (2 ) == 1)) 
OR (cpu_acode «» UserProgramSpace AND RegionOControl [ 5 ] « 1)) then 



PS4: 



PS5: 



// this is a valid instruction fetch from RegionO 



peri_access_en = 0 
dram_access_en = 1 
mmu_cpu_data = ic_data 
mmu_cpu_rdy = ic_rdy 
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mmu_cpu_berr = 0 

elsif ( (cpu_acode == SupervisorDataSpace AND RegionOControl(O) == 1) 
OR (cpu_aeode *»» UserDataSpace AND RegionOControl {3 ] == 1)> then 

// this is a valid read access from RegionO 

peri_access__en = 0 
dranuaccess_en = 1 

mrau__cpu_data = dram_data // possibly drc_data if dcache is used 
mmu_cpu_rdy = dram_rdy // possibly drc_rdy 
mmu_cpu_berr = 0 

else //we have an access violation 

peri_access_en = 0 
dram_access_en = 0 
nmu_cpu_be r r = 1 
rnrau_cpu_rdy = 0 

else // it is a write access 

if (<cpu_acode == SupervisorDataSpace AND RegionOControl [1] == 1) 

OR <cpu_acode == UserDataSpace AND RegionOControl f 4) == 1)) then 

// this is a valid write access to RegionO 

peri_access_en =0 
dram_access_en = 1 

mrau_cpu_rdy = dram_rdy // possibly dwc_rdy if dcache is used 
mmu_cpu_berr = 0 
else //we have an access violation 

peri_access_en = 0 
dram_access_en = 0 
znmu_ cp u_be r r = 1 
mmu_cpu_rdy = 0 

PS6 Description: This final section of pseudocode deals with the special case of a bus timeout. This 
occurs when an access has been initiated but has not completed before the timeoutjimit number of pclk 
cycles. While access to both DRAM and CPU/PEP Subsystem registers will take a variable number of 
cycles (due to DRAM traffic, PCU command execution or the different timing required to access registers 
in imported IP) each access should complete before the timeoutjimit occurs. Therefore it should not be 
possible to stall the CPU by locking either the CPU Subsystem or DIU buses. However given the fatal 
effect such a stall would have it is considered prudent to implement bus timeout detection. 

PS6: 

// Only thing remaining is to implement a bus timeout function. 

if < (cpu_start__access == 1) then 
access_initiated = TRUE 
timeout_countdown = BusTimeout 

if ( (nmtu_cpu_rdy == 1 ) OR (mmu_cpu_berr ==1 )) then 
access_initiated = FALSE 
peri_access_en = 0 
dram_access_en = 0 

if <(clock_tick == TRUE) AND <access_initiated == TRUE)) 
if (timeout_countdown > 0) then 

t ime out _count down- - 
else // timeout has occurred 

peri_access_en =0 // abort the access 

dram_accoss_en ■ 0 
romu_cpu_berr . = 1 
mmu_cpu_rdy = 0 
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11.6.6.5 ICache 



The ICache sub-block implementation is described in section 1 1.7.1.1. 



11.7 



Cache 



The decision on what type of caching solution to use on SoPEC is still open for the moment. There are 
two probable solutions: a) use the LEON caches with a minimal configuration (1 KB I and D caches) and 
b) use separate, simple one line 256-bit caches for instruction, data read and data write accesses. From a 
performance and (most likely) implementation point of view the LEON caches are the best solution how- 
ever they are much bigger than the one line caches (approx 6x). The one line caches do not offer the same 
degree of performance improvement as the LEON caches and are likely to add an extra cycle to all mem- 
ory accesses. The performance penalty for a LEON cache miss (i.e. for all memory accesses if we are not 
using the LEON caches) and the the best and worst case access times from DRAM have yet to be fully 
deteirninecL The final decision on which caching solution to use will be made when all such information is 
available. 

Therefore the section on caches, which was present in previous versions of this document but is now 
mostly out of date, has been removed (the ICache is still relevant if one line caches are used and so is 
retained). 



A caching mechanism would offer the advantage of greater aggregate performance while still guaranteeing 
a minimum level of performance. While greater performance may not be required at present for this appli- 
cation the caching mechanism offers greater efficiency (i.e. MIPS/MHz) and so the CPU clock could be 
reduced without affecting, or only negligibly affecting, the operating performance. The advantage here is 
that the design is scalable - better performance can be achieved by simply increasing the clock rate. 

As all reads from the embedded DRAM on SoPEC produce words that are 256 bits wide it is inefficient to 
hook this up to a 32-bit CPU bus as 224 bits of each read would be discarded. If the full 256-bit word is 
stored locally to the CPU as a single-line cache then a ??x performance improvement could be obtained in 
the typical case (this is of course highly code dependent). This single line cache would be very easy to 
implement as it would just involve the address to be compared to a single tag and no replacement algo- 
rithm would be required Furthermore the area impact would be minor and there should be no performance 
penalty for cache misses. As the dram_cpu_data bus is 256 bits wide the requested word is immediately 
available to the CPU i.e. we do not need to perform critical word first reordering of the data. 

The instruction cache is only accessed for instruction fetches, not all CPU reads. These can be differenti- 
ated by signals emanating from the CPU. Non-instruction CPU reads would be supported by the data 
cache. In the case of a cache miss the read request is processed by the MMU to ensure the request is valid 
before a read request is generated on the relevant external (to the CPU block) bus. The MMU should be 
informed of a cache hit to ensure it does not generate an unneccessary read request. This requires that the 
regions used to store code are aligned on 32-byte (256-bit) boundaries. 

As there is no requirement to have more time deterministic code execution the instruction cache cannot be 
disabled. 



The Instruction Cache used in SoPEC is capable of storing just a single 256-bit DRAM word. An imple- 
mentation is depicted in Figure 22 below. The block I/Os are given in Table 24 and these should be viewed 
in conjunction with Figure 1 9 and Figure 20 for a complete depiction of the connectivity of the block. 



11.7.1 



Instruction Cache 



1 1. 7. 1. 1 ICache Implementation 
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cacha_miss 



16 0 255 223 191 159 127 95 63 31 0 ▼ 




Figure 22. ICache Block Diagram 



Table 24. ICache l/Os 





mm 






Global SoPEC signals 


prst_n 




in 


Global reset. Synchronous to pdk, active tow. 


pdk 


i 


In 


Global clock 


Toplevel ICache signals 


dram_cpu_data(255:0] 


256 


In 


Data bus from the DtU 


cpu_acode{1 :0] 


2 


in 


CPU access control signals 


cpu_adr(21:2) 


20 


In 


CPU core address bus. 


ICache to DfU Bus interface signals 


tc_cache_hit 


1 


Out 


Cache hit signal. This indicates that the current CPU read request 
is being serviced by the ICache and so should not be retrieved from 
the DRAM. 


dranwdy 


1 


In 


Data Ready signal. Indicates the data on the dram_cpu_data bus is 
valid. 


ICache to MMU Control Block signals 


ic_data(31:0J J 


32 


Out 


ICache data bus 
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Table 24. ICache l/Os 

fc_rdy 




1 Out 



Ready signal from the ICache indicating the data on icjdata is valid 



dram_access_en 



1 



Out 



DRAM access enable signal. Indicates that the current CPU access 
Is a valid ORAM access. 



Description: 



The Tag stores the DRAM word address of the word currently in cache. The Tag contents are compared 
with cpujodr[21:5] each time the CPU requests an instruction fetch from a valid DRAM address (indi- 
cated by cpu_acode[0] and dram_access_en). If a match occurs (i.e. a cache hit) the access is serviced by 
returning the correct 32 bits (as selected by cpu_adr[4:2]) to the MMU Control Block. If a match does not 
occur (i.e. a cache miss) the ic^cachejiit line is held low indicating to the DIU Bus Interface that a 
DRAM access should commence. Completion of the DRAM access is signalled by the assertion of 
dramjrdy and this causes the ICache contents to be updated, the Tag value replaced and the relevant 32 
bits forwarded to the CPU accompanied by the assertion of the ic_rdy signal. It is updated each time the 
cache line is refilled from DRAM. AH instruction fetches from DRAM are cacheable, regardless of which 
DRAM region is being accessed (although the access permissions still need to match those programmed 
for the region) and whether the CPU is in user or supervisor mode. 



The RDU facilitates the observation of the contents of most of the CPU addressable registers in the SoPEC 
device in addition to some pseudo-registers in realtime. The contents of pseudo-registers, i.e. registers that 
are collections of otherwise unobservable signals and that do not affect the functionality of a circuit, are 
defined in each block as required Many blocks do not have pseudo-registers and some blocks (e.g. ROM , 
PSS) do not make debug information available to the RDU as it would be of little value in realtime debug. 

Each block that supports realtime debug observation features a DebugSelect register that controls a local 
mux to determine which register is output on the block's data bus (i.e. block_cpu_datd). One small draw- 
back with reusing the blocks data bus is that the debug data cannot be present on the same bus during a 
CPU read from the block. An accompanying active high blockjzpujdebugjvalid signal is used to indicate 
when the data bus contains valid debug data and when the bus is being used by the CPU. There is no arbi- 
tration for the bus as the CPU will always have access when required A block diagram of the RDU is 
shown in Figure 23. 



11.7.2 



Data Cache 



1 1 .8 Realtime Debug Unit (RDU) 
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debug_data_valid 
< 



debug_data_out[0] 
< 



debug_data_out(1 7] 
< 




Debug 
Data17Src 
Register 

> 



DebugSrc 
Register 



cpr_cpu_debug_valid 
d i u_cp u_d e bu g_va! id 
gpio_cpu_debug_yalid 
icu_cpu_d ebug_val»d 
lss_cpu_debug_valid 
pcu_cpu_debug_ valid 
sct>_cpu_debLrg_va!id 
tim_cpu_debu g^valid 

mmu_debug_valid 



" cpr_cpu_data{31 :0J 

• diu_cpu_debuo_data(31 :0] 
' gpio_cpu_data[31 :0] 

- icu_cpu_dataf31:0] 
■ lss_cpu_data[3 1 :0] 

- pcu_cpu_data[31:0] 

• scb_cpu_data[3i :0] 

• tim_cpu_data(31:0] 

• mmu_debug_data[31:0) 



debug_cn t r 1[18:0] 




Figure 23. Realtime Debug Unit block diagram 



Table 25. RDU l/Os 





mm 


MM. 




diu_cpu_data 


32 


In 


Read data bus from the DIU block 


cpr_cpu_data 


32 


In 


Read data bus from the CPR block 


gp«o_cpu_data 


32 


In 


Read data bus from the GPIO block 


icu_cpu_data 


32 | 


In 


Read data bus from the ICU block 


lss_cpu_data 


32 


In 


Read data bus from the LSS block 


pcu_cpu_debug_data 


32 


In 


Read data bus from the PCU block 
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Table 25. RDU l/Os 





m 






scb_cpu_data 


32 


In 


Read data bus from the SCB block 


tim_cpu_data 


32 


In 


Read data bus from the TIM block 


diu_cpu_debug_valkJ 


1 


In 


ojgnaJ indicating me data on ine Q(ujcpu_aaia bus is valid debug 
data. 


tjm_cpu_debug_vaUd 


1 


in 


Signal indicating the data on the tim_cpu_data bus is valid debug 
data. 


scb_cpu_debug_vaJid 


1 


In 


Signal indicating the data on the scb_cpu_data bus is valid debug 
data. 


pcu_cpu_debug_valkJ 


1 


In 


Signa! indicating the data on the pcu_cpu_data bus is valid debug 
data. 


!ss_cpu_debug_valid 


1 


In 


Signal indicating the data on the tss__cpu_data bus Is valid debug 
data. 


icu_cpu_debug_vaUd 


1 


In 


Signal indicating the data on the icu_cpu data bus is valid debug 
data. 


gpio_cpu_debug_valid 


1 


In 


Signal indicating the data on the gpio__cpu_data bus is valid debug 
data. 


cpr_cpu_debug_va!kJ 


1 


In 


Signal indicating the data on the cpr_cpu_data bus is valid debug 
data. 


debug_data_out 


18 


Out 


Output debug data to be muxed on to the PHI/GPlO/other pins 


debug_data__vaii d 


1 


Out 


Debug valid signal indicating the validity of the data on 
debug_data_out. This signal is used in all debug configurations 


debug_cntrl 


19 


Out 


Control signal for each PHI bound debug data line indicating 
whether or not the debug data should be selected by the pin mux 



As there are no spare pins that can be used to output the debug data to an external capture device some of 
the existing I/Os will have a debug multiplexer placed in front of them to allow them be used as debug 
pins. Unfortunately many of the pins on SoPEC cannot even be multiplexed in this fashion so it will not be 
possible to output a full 32-bit debug data word every cycle. The exact number of pins available for multi- 
plexing had yet to be finalised at the time of writing. This specification assumes 20 pins will be available 
but this can easily be revised up or, more likely, down. Furthermore not every pin that has a debug mux 
will always be available to carry the debug data as they may be engaged in their primary purpose e.g. as a 
GPIO pin. The RDU therefore outputs a debug_cntrl signal with each debug data bit to indicate whether 
the mux associated with each debug pin should select the debug data or the normal data for the pin.The 
DebugPinSel is used to deterrnine which of the 20? potential debug pins are enabled for debug at any par- 
ticular time. 

As it is not possible to output a full 32-bit debug word every cycle the RDU supports the outputting of an 
n-bit sub-word every cycle to the enabled debug pins. Each debug test would then need to be re-run a num- 
ber of times with a different portion of the debug word being output on the n-bit sub-word each time. The 
data from each run should then be correlated to create a full 32-bit (or whatever size is needed) debug 
word for every cycle. The debug_data_yalid and pclkjout signals will accompany every sub-word to allow 
the data to be sampled correctly. The pclk_out signal is sourced close to its output pad rather than in the 
RDU to minimise the skew between the rising edge of the debug data signals (which should be registered 
close to their output pads) and the rising edge of pclk_out. 

As multiple debug runs will be needed to obtain a complete set of debug data the n-bit sub- word will need 
to contain a different bit pattern for each run. For maximum flexibility each debug pin has an associated 
DebugDataSrc register that allows any of the 32 bits of the debug data word to be output on that particular 
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debug data pin. The debug data pin must be enabled for debug operation by having its corresponding bit in 
the DebugPinSel register set for the selected debug data bit to appear on the pin. 

The size of the sub-word is determined by the number of enabled debug pins which is controlled by the 
DebugPinSel register. Note that the debugjiatajtalid signal is always output. Furthermore 
debugjcntrl[OJ (which is configured by DebugPinSel [0]) controls the mux for both the debug_data_valid 
and pclk_out signals as both of these must be enabled for any debug operation. 

The mapping of debug__datajout[n] signals onto individual pins will take place outside the RDU. When 
the exact mapping has been finalised it will be recorded here. A proposed mapping is shown in Table 26 
below. 



Table 26. Example DebugPinSel mapping 



EMU 


wmmmmimemim 


0 


phLfrdk. The dabug^data^valid signal will 
appear on this pin when enabled. Enabling this 
pin also automatically enables the phi_readl pin 
which will output the p&k^out signal 


1 


phLprofile 


2 


phijsyncl 


3 


test pint 


4 


test pin2 


5-18 


gpio[0...13] 



Table 27. RDU Configuration Registers 




am 




0x80 



DebugSrc 



0x00 



Denotes which block is supplying the debug 
data. The encoding of this block is given below. 
0-MMU 
1 - TIM 

2- LSS 

3- GPIO 

4- SCB 

5- ICU 

6- CPR 

7- DIU 

8- PCU 



0xS4 



DebugPinSel 



19 



0x0_0000 



Determines whether a pin is used for debug data 
output. A provisional mapping of pin to bit posi- 
tion is given in Table 26. 
1 - Pin outputs debug data 
0 - Normal pin function 



0x88 to OxCC 



DebugDataSrcN 



0x00 



Selects which bit of the 32-bit debug data word 
win be outputted on debug_data_out[N] 



1 1 .9 Interrupt Operation 



The interrupt controller unit (see chapter 14) generates an interrupt request by driving interrupt request 
lines with the appropriate interrupt level. LEON supports 15 levels of interrupt with level 15 as the highest 
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level (the SPARC architecture manual [32] states that level 15 is non-maskable but we have the freedom to 
mask this if desired). The CPU will begin processing an interrupt exception when execution of the current 
instruction has completed and it will only do so if the interrupt level is higher than the current processor 
priority. If a second interrupt request arrives with the same level as an executing interrupt service routine 
then the exception will not be processed until the executing routine has completed. 

When an interrupt trap occurs the LEON hardware will place the program counters (PC and nPC) into two 
local registers. The interrupt handler routine is expected, as a minimum, to place the PSR register in 
another local register to ensure that the LEON can correctly return to its pre-interrupt state. The 4-bit inter- 
rupt level (irl) is also written to the trap type (ti) field of the TBR (Trap Base Register) by hardware. The 
TBR then contains the vector of the trap handler routine the processor will then jump. The TBA (Trap 
Base Address) field of the TBR must have a valid value before any interrupt processing can occur so it 
should be configured at an early stage. 

Interrupt pre-emption is supported while ET (Enable Traps) bit of the PSR is set This bit is cleared during 
the initial trap processing. In initial simulations the ET bit was observed to be cleared for up to 30 cycles. 
This causes significant additional interrupt latency in the worst case where a higher priority interrupt 
arrives just as a lower priority one is taken. 

The interrupt acknowledge cycles shown in Figure 24 below are derived from simulations of the LEON 
processor and accompanying interrupt controller. This interrupt controller will be replaced by the ICU in 
the SoPEC design. The LEON signal names are used for future reference. An interrupt is asserted by driv- 
ing its (encoded) level on the iuUrl[3:0] signals. The LEON core responds to this, with variable timing, by 
reflecting the level of the taken interrupt on the iuo.irl[3:0] signals and asserting the acknowledge signal 
iuo.intack.The interrupt controller then removes the interrupt level one cycle after it has seen the level been 
acknowledged by the core. If there is another pending interrupt (of lower priority) then this should be 
driven on iui.irl[3:0] and the CPU will take that interrupt (the level 9 interrupt in the example below) once 
it has finished processing the higher priority interrupt. The iuo.irl[3:0] signals always reflect the level of 
the last taken interrupt, even when the CPU has finished processing all interrupts. 



pclk 



iut.irl(3:0] 0x0 



0x5 



0x0 



iuo.irl[3:0] [^S^sSSSSSSl 0x5 



iuo.intack 



lui.irl[3:0] [ 
iuo.irl[3:0] £ 
iuo.intack 



0x9 



0x8 



OxA 



0x9 



Figure 24. Interrupt acknowledge cycles for a single and pending interrupts 
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11.10 Boot Operation 

See section 17.2 for a description of the SoPEC boot operation. 

11-11 Software Debug 

Software debug mechanisms are discussed in the "SoPEC Software Debug*' document [15]. 
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12 Serial Communications Block (SCB) 

12.1 Overview 

The Serial Communications Block (SCB) handles the movement of all data between the SoPEC and the 
host device (i.e. PC) and between master and slave SoPEC devices. The SCB consists of a USB 1.1 device 
controller, an Inter-SoPEC Interface (1ST) and a DMA manager. A block diagram of the SCB is shown in 
Figure 25 below. The major blocks of the SCB, namely the ISI, USB and DMA manager, could be imple- 
mented as separate blocks but are integrated to take advantage of the performance gains and design simpli- 
fications that a tighter coupling allow. 




usb_clk 

usb_cpr_reset_n 

cpu_adrfn:2] 
cpu_dataout[31 :0] 
scb_cpu_data[31 :0] 

cpu_scb_sel 
cpu_rwn 
cpu_acode[2:0] 
scb_cpu_rdy 
scb_cpu_b err 

dmajcujrq 
isi_icujrq 
usbjcu_irq 

scb_diu_wadr[21 :5] 
scb_diu_data[63:0] 
scb_diu_wreq 
diu„scb_wack 
scb_diu_wvalid 



-> scb_cpu_debug_valid 



isi_cpr_reset_n 



prst_n 
pclk 



Figure 25. Serial Communications Block 

The USB Controller will be an imported piece of IP. There are many possible sources of this block but it is 
likely that it will be supplied by the silicon vendor - all three current silicon vendor candidates will supply 
USB 1 . 1 controllers, although some of these have been sourced from a third party. 

The SCB can be seen in the context of the overall SoPEC device in Figure 26 below 
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Figure 26. SoPEC toplevel block diagram 
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12.2 Definitions of I/Os 

Table 28. Serial Communications Block I/O 



\mmmm 






Clocks and Resets 


prst_n 


i 


In 


System reset signal. Active low. 


pdk 


1 


In 


System dock. . 


usb_clk 


1 


In 


Clock tor the USB controller block. 


isLcpr_reset_n 


i 


Out 


Signal from the ISI indicating that ISI activity has been detected 
while in sleep mode and so the chip should be reset Active low. 


usb_cpr_reset_n 


1 


Out 


Signal from the US8 controller that a USB reset has occurred. 
Active low. 


CPU Interface 


cpu_adr[n:2] 


n-1 


In 


CPU address bus. Exact width is currentiy TBD as It Is dependent 
on the address maps of imported IP ■ 


cpu_dataout[31:0] 


32 


In 


Shared write data bus from the CPU 


scb_cpu_data[3 1 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 




In 


Common read/not-wrrte signal from the CPU 


cpu_fc[2:0] 




In 


CPU Function Code signals. 


cpu_scb_sel 




In 


Block select from the CPU. When qyu^scbjsei is high both cpu_adr 
and cpu_dataout are valid 


scfc_cpu_rdy 




Out 


Ready signal to the CPU. When scb_cpu_rdy is high it indicates the 
last cycle of the access. For a write cycJe this means cpu__dataout 
has been registered by the SC8 and for a read cycle this means the 
data on scb_cpu_ctata is valid. 


scb_cpu_berr 




Out 


Bus error signal to the CPU indicating an invalid access. 


scb_cpu_debug_valid 




Out 


Signal indicating that the data currently on scb_cpu_data is valid 
debug data 


Interrupt signals 


dma_icu_irq 




Out 


DMA interrupt signal to the interrupt controller block. 


IsUcuJrq 




Out 


ISI interrupt signal to the interrupt controller block. 


usbjcujrq 




Out 


USB interrupt signal to the interrupt controUer block. 


DIU interface 


scb_diu_wadr[2l:5] 


17 


Out 


Write address bus to the OIU 


scb_diu_data[63:0] 


64 


Out 


Data bus to the DIU. 


scb_diu_wreq 




Out 


Write request to the DIU 


diu_scb_wack 




In 


Acknowledge from the DIU that the write request was accepted. 


scb_dru_wvalid 




Out 


Signal from the SCB to the DIU indicating that the data cunently on 
the scb_diu_data{63:0) bus is valid 


GPIO Interface 


isLgpio_dout(1:0] 


2 


Out 


(SI output data to GPIO pins 


i$Lgpio_e[1:0] 


2 


Out 


ISI output enable to GPIO pins 


gpio_isLdin[1:0] 


2 


In 


Input data from GPJO pins to ISI 
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| 12.3 MULTI-SOPEC SYSTEMS 

While single SoPEC systems are expected to form the majority of SoPEC systems the SoPEC device must 
also support its use in multi-SoPEC systems such as that shown in Figure 27 below. A SoPEC may be 
assigned any one of a number of identities in a multi-SoPEC system. A SoPEC may be one or more of a 
PrintMaster, a LtneSyncMaster, an ISIMaster, a StorageSoPEC or an ISISlave SoPEC 




USB from Host ' 




Figure 27. A3 duplex system featuring four printing SoPECs with a single 

SoPEC ORAM device 



12.3.1 ISIMaster device 

The ISIMaster is the only device allowed to drive the common ISI line (see Figure 28) and interfaces 
directly with the host. In most systems the ISIMaster will simply be the SoPEC connected to the USB bus. 
Future systems, however, may employ an ISI-Bridge chip to interface between the host and the ISI bus and 
in such systems the ISI-Bridge chip will be the ISIMaster. There can only be one ISIMaster on an ISI bus. 

12.3.2 PrintMaster device 

The PrintMaster device is responsible for co-ordinating all aspects of the print operation. This includes 
starting the print operation in all printing SoPECs and communicating status back to the host. When the 
ISIMaster is a SoPEC device it is also likely to be the PrintMaster as well. There may only be one Print- 
Master in a system and it is most likely to be a SoPEC device. 
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12.3.3 LfneSyncMaster device 

The LineSyncMaster device generates the Isync pulse that all SoPECs in the system must synchronize 
their line outputs with. Any SoPEC in the system could act as a LineSyncMaster although the PrintMaster 
is probably the most likely candidate. It is possible that the LineSyncMaster may not be a SoPEC device at 
all - it could, for example, come from some OEM motor control circuitry. There may only be one LineSyn- 
cMaster in a system. 

12.3.4 Storage device 

For certain printer types it may be realistic to use one SoPEC as a storage device without using its print 
engine capability - that is to effectively use it as an ISI-attached DRAM. A storage SoPEC would receive 
data from the ISIMaster (most likely to be an ISI-Bridge chip) and then distribute it to the other SoPECs as 
required No other type of data flow (e.g. ISISlave -> storage SoPEC -> ISISlave) would need to be sup- 
ported in such a scenario. The SCB supports this functionality at no additional cost because the CPU han- 
dles the task of transferring outbound data from the embedded DRAM to the ISI transmit buffer. The CPU 
in a storage SoPEC will have almost nothing else to do. 

12.3.5 ISISlave device 

Multi-SoPEC systems will contain one or more ISISlave SoPECs. An ISISlave SoPEC is primarily used to 
generate dot data for the printhead IC it is driving. 

12.3.6 ISI-Bridge device 

SoPEC is targeted at the low-cost small office / home office (SoHo) market. It may also be used in future 
systems that target different market segments which are likely to have a high speed interface capability. A 
future device, known as an ISI-Bridge chip, is envisaged which will feature both a high speed interface 
(such as USB2.0, Ethernet or IEEE 1394) and one or more ISI interfaces. The use of multiple ISI buses 
would allow the construction of independent print systems within the one printer. The ISI-Bridge would be 
the ISIMaster for each of the ISI buses it interfaces to. 

12.3.7 Host device 

The host device will invariably be, but is not required to be, a PC. Any device that can act as a USB host or 
that can interface to an ISI-Bridge chip could be the host device. In particular, with the development of 
USB On-The-Go (USB OTG), it is possible that a number of USB OTG enabled products such as PDAs or 
digital cameras will be able to directly interface with a SoPEC printer. 

12.4 Types of communication 

12.4.1 Communications with host 

The host communicates directly with the ISIMaster in order to print pages. When the ISIMaster is a 
SoPEC, the communications channel is US B 1 . 1. 

1 2.4. 1 1 Host to ISIMaster communication 

The host will need to communicate the following information to the ISIMaster device: 

• Communications channel configuration and maintenance information 

• All data destined for PrintMaster, ISISlave or storage SoPEC devices. This data is simply relayed by 
the ISIMaster 

• Mapping of virtual communications channels, such as USB endpoints, to ISI destination 
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f 2.4. 1 . 2 ISIMaster to host communication 



The ISIMaster will need to communicate the following information to the host: 

• Communications channel configuration and maintenance information 

• All data originating from the PrintMaster, ISISlave or storage SoPEC devices and destined for the host. 
This data is simply relayed by the ISIMaster 



The host will need to communicate the following information to the PrintMaster device: 

• Program code for the PrintMaster 

• Compressed page data for the PrintMaster 

• Control messages to the PrintMaster 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 



The PrintMaster will need to communicate the following information to the host: 

• Printer status information (i.e. authentication results, paper empty/jammed etc.) 

• Dead nozzle information 

• Memory buffer status information 

• Power management status 

• Encrypted SoPEC_id for use in the generation of PRINTER_QA keys during factory programming 



All communication between the host and ISISlave SoPEC devices must take place via the ISIMaster. In 
the case of a SoPEC ISIMaster it is possible to configure each individual USB endpoint to act as a control 
channel to an ISISlave SoPEC if desired, although the endpoints will be more usually used to transport 
data. The host will need to communicate the following information to ISISlave devices over the comms/ 
ISI: 

• Program code for ISISlave SoPEC devices 

• Compressed page data for ISISlave SoPEC devices 

• Control messages to the ISISlave SoPEC (where a control channel is supported) 

• Tables and static data required for printing e.g. dead nozzle tables, dither matrices etc. 

• Authenticatable messages to upgrade the printer's capabilities 



All communication between the ISISlave SoPEC devices and the host must take place via the ISIMaster. 
The ISISlave will need to communicate the following information to the host over the comms/ISl: 

• Responses to the host's control messages (where a control channel is supported) 

• Dead nozzle information from the ISISlave SoPEC. 

• Encrypted SoPEC_id for use in the generation of PRINTER_QA keys during factory programming 



1 2.4. 1.3 Host to PrintMaster communication 



1 2.4. 1.4 PrintMaster to host communication 



12.4.1.5 Host to iSiSlave communication 



12.4.1.6 iSiSiave to host communication 
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12.4.2 Communication over ISI 



1Z4.2. 1 ISIMaster to PrintMaster communication 



The ISIMaster and PrintMaster will often be the same physical device. When they axe different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the host destined for the PrintMaster (see section 12.4.1.3). This data is simply relayed 
by the ISIMaster 



The ISIMaster and PrintMaster will often be the same physical device. When they are different devices 
then the following information needs to be exchanged over the ISI: 

• All data from the PrintMaster destined for the host (see section 12.4.1.4). This data is simply relayed 
by the ISIMaster 



The ISIMaster may wish to communicate the following information to the IS I Slaves: 

• All data (including program code such as I Slid enumeration) originating from the host and destined for 
the ISISlave (see section 12.4.1.5). This data is simply relayed by the ISIMaster 

• wake up from sleep mode 



The ISISlave may wish to communicate the following information to the ISIMaster: 
• All data originating from the ISISlave and destined for the host (see section 1 2.4. 1.6). This data is sim- 
ply relayed by the ISIMaster 



When the PrintMaster is not the ISIMaster all ISI communication is done in response to ISI ping packets 
(see 12.6.4.5). When the PrintMaster is the ISIMaster then it will of course communicate directly with 
the ISISlaves. The PrintMaster SoPEC may wish to communicate the following information to the ISISla- 

ves: 

• Ink status e.g. requests for dotCount data i.e. the number of dots in each color fired by the printheads 
connected to the ISISlaves 

• configuration of GPIO ports e.g. for clutch control and lid open detect 

• power down command telling the ISISlave to enter sleep mode 

• ink cartridge fail information 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

In general the PrintMaster may need to be able to: 

• send messages to an ISISlave which will cause the ISISlave to return the contents of ISISlave registers 
to the PrintMaster or 

• to program ISISlave registers with values sent by the PrintMaster 

This should be under the control of software running on the CPU which writes messages to the ISI/SCB 
interface. 



1Z4.2.2 PrintMaster to ISIMaster communication 



1Z4.Z3 ISIMaster to ISISlave communication 



12.4.2.4 ISISlave to ISIMaster communication 



1Z4.2.5 PrintMaster to ISISlave communication 
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12.4.2.6 ISIS lave to PrintMaster communication 



ISISlaves may need to communicate the following information to the PrintMaster: 

• ink status e.g. dotCount data i.e. the number of dots in each color fired by the printheads connected to 
the ISISlaves 

• band related information e.g. finished band interrupts 

• page related information i.e.buffer underrun, page finished interrupts 

• MMU security violation interrupts 

• GPIO interrupts and status e.g. clutch control and lid open detect 

• printhead temperature 

• printhead dead nozzle information from SoPEC printhead nozzle tests 

• power management status 

This list is not complete and the time constraints associated with these requirements have yet to be deter- 
mined. 

As the ISI is an insecure interface commands issued over the ISI should be of limited capability e.g. only 
limited register writes allowed The software protocol needs to be constructed with this in mind. In general 
ISISlaves may need to return register or status messages to the PrintMaster or ISIMaster. They may also 
need to indicate to the PrintMaster or ISIMaster that a particular interrupt has occurred on the ISISlave. 
This should be under the control of software running on the CPU which writes messages to the ISI block. 



It is currently not anticipated that there will be any direct communication between ISISlave SoPECs. How- 
ever they can communicate indirectly via the ISIMaster SoPEC. The most likely scenario for such a com- 
munication mechanism when the PrintMaster is not the ISIMaster (see sections 12.4.2.5 and 12.4.2.6 for a 
description of the information exchanged between a PrintMaster and an ISISlave). ISISlave to ISISlave 
communication would also be required when sending data stored in a storage SoPEC device to an 



The USB1 .1 interface for the printer should consist of the USB connector, the necessary discretes for USB 
signalling and the SoPEC device. A SoPEC printer will act as a self-powered, full-speed device and 
SoPEC itself will not draw any power from the USB cable. It will support control and bulk transfers. 
Interrupt transfers are not considered necessary because the required interrupt-type functionality can be 
achieved by sending query messages over the control channel on a scheduled basis. There is no require- 
ment to support either isochronous or low-speed transfers. The USB controller must support at least 5 
USB endpoints: a control endpoint (endpoint 0) and 4 bulk-data type endpoints. These 4 bulk-data type 
endpoints can be used for the transfer of any type of data: compressed page data, program data or control 
messages. They may also be mapped on to any target destination in a multi-SoPEC system i.e. configura- 
tion is completely programmable. They are envisaged as always being used as USB IN endpoints i.e. they 
will transport data from the host to SoPEC. Any feedback data (e.g. status information) will be returned to 
the host on the control channel (endpoint 0). 

The USB device enumeration process will be handled by the SoPEC CPU and USB controller. Note that 
this requires the on-chip ROM to contain all the required USB driver code. This is not expected to be the 
full USB driver but rather a "USB-lite" driver that has sufficient functionality to download a program to 



Details of the configuration registers and interface signals will be provided when the implementation IP 
for the USB controller core has been selected. There are several potential candidates for the USB 1.1 con- 



12.4.Z7 iSIStave to ISISlave communication 



ISISlave. 



12.5 



USB 



DRAM. 
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troller that arc being evaluated in terms of cost, maturity, licensing requirements/restrictions, quality of 
deliverables etc. - as already mentioned the choice of silicon vendor is likely to play a large part in select- 
ing the USB controller. 

12.5.1 I SI Master/I SI Slave Identification 

While the USB controller is used for data transfer if a SoPEC is an ISIMaster it may, in certain cases, also 
be used to transfer data to an ISISlave. If the USB is not used for data transfer the device will certainly be 
an ISISlave. In this case the USB pins could be used to identify the device as an ISISlave as the USB 
device controller is expected to allow the single-ended quiescent state of the USB pins to be read by the 
CPU either directly or indirectly (as there should be a register indicating whether the USB controller is 
operating as a full-speed or low-speed device). We adopt the convention that an ISIMaster SoPEC has its 
USB pins configured for full-speed operation (i.e. a pull-up resistor on D+) and an ISISlave SoPEC has its 
USB pins configured for low-speed operation (i.e. a pull-up resistor on D-). This allows the ROM boot- 
code to quickly determine whether the SoPEC is an ISIMaster or ISISlave without needing to wait for 
USB activity. While the ISISlave SoPECs USB controller believes it is a low-speed device it is never used 
and may be disabled completely (if possible) once the device has been identified as an ISISlave. Note that 
other combinations on the D+ and D- lines may result in unreliable operation of the USB controller. 

The SoPECs identity as an ISIMaster or ISISlave may also be detennined from USB or ISI activity. If 
activity is seen on USB endpoints 2-4 then the device is an ISIMaster (note that it is not neccessarily an 
ISIMaster if activity is only seen on endpoints 0 or 1) and the ISI may automatically configure itself as an 
ISIMaster in this situation- If the ISI receives ping packets then it is an ISISlave as only the ISIMaster can 
send ping packets. 

The most suitable ISIMaster/ISISlave identification scheme (i.e. use of USB pins or looking for USB/ISI 
activity) can be chosen by the software for any given printer. 

12.5.2 Wake-up from sleep mode 

The SoPEC will be placed in sleep mode after a suspend command is received by the USB controller. The 
extent of power-down in sleep mode is currently TBD (different silicon vendors offer different options) 
but it is expected to involve the loss of DRAM contents at a minimum. The USB controller (or portions of 
it) will continue to be powered and clocked in sleep mode. It is likely that a USB reset, as opposed to a 
device resume, will be required to bring SoPEC out of its sleep state as the sleep state is hoped to be logi- 
cally equivalent to the power down state. The exact reawakening mechanism will be finalised when the 
sleep state is more precisely defined and the particular implementation of the USB controller is chosen. 

The USB reset signal originating from the USB controller will be propagated to the CPR (as 
usb_cpr_reset_n) if the USBWakeupEnable bit of the WakeupEnable register (see Table 38) has been set. 
The USB WakeupEnable bit should therefore be set just prior to entering sleep mode. 

There are no conditions that require the SoPEC to initiate a USB device wake-up (i.e. where SoPEC sig- 
nals resume to the host after being suspended by the host). 

12.5.3 USB Speed 

The USB speed will be determined by amount of activity from other devices that share the USB bus with 
the printer and the responsiveness of the host in handling USB interrupts. To guarantee bandwidth to the 
printer it is recommended that no other devices are active on the USB bus between the printer and the host. 
If the printer is connected to a USB2.0 host or hub it may limit the bandwidth available to other devices 
connected to the same hub but it would not significantly affect the bandwidth available to other devices 
upstream of the hub. Used in the recommended configuration it is expected that an effective bandwidth of 
8-9 Mbit/s will be achieved. 
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12.6 ISI (Inter SoPEC Interface) 

The ISI is utilised in all system configurations requiring more than one SoPEC. An example of such a sys- 
tem which requires four SoPECs for duplex A3 printing and an additional SoPEC used as a storage device 
is shown in Figure 27. 

The ISI performs much the same function between an ISISlave SoPEC and the ISIMaster as the USB con- 
nection performs between the ISIMaster and the host. This includes the transfer of all program data, com- 
pressed page data and message (i.e. commands or status information) passing between the ISIMaster and 
| the ISISlave SoPECs. Existing requirements indicate that it is sufficient for the ISIMaster to initiate all 

communication with the ISISlaves. 

12.6.1 ISIMaster/ISISIave identification and ISISlave enumeration 

Section 12,5.1 details how a SoPEC is configured as an ISIMaster or ISISlave. The ISIId is established by 
software downloaded over the ISI (in broadcast mode) which looks at the input levels on a number of 
GPIO pins to determine the ISIId. For any given printer that uses a multi-SoPEC configuration it is 
expected that there will always be enough free GPIO pins on the ISISlaves to support this enumeration 
mechanism. 



12.6.2 Wake-up from sleep mode 

Either the PrintMaster SoPEC or the host may place any of the ISISlave SoPECs in sleep mode prior to 
going into sleep mode itself. The ISISlave device should then ensure that its ISlWakeup Enable bit of the 
WakeupEnable register (see Table 38) is set prior to entering sleep mode. In an ISISlave device the ISI 
block will continue to receive power and clock during sleep mode so that it may monitor the gpio_isi_din 
| lines for activity. When ISI activity is detected during sleep mode and the ISIWakeupEnable bit is set the 

ISI asserts the isi_cpr_reset_n signal. This will bring the rest of the chip out of sleep mode by means of a 
wakeup reset. See chapter 16 for more details of reset propagation. 

12.6.3 ISI speed 

The ISI will need to run at speed that will allow error free transmission on the PCB while minimising the 
buffering and hardware requirements on SoPEC. While an ISI speed of 10 Mbit/s is adequate to match the 
effective USB1.1 bandwidth it would limit the system performance when a high-speed connection (e.g. 
USB2.0, IEEE1394) is used to attach the printer to the PC. Although they would require the use of an extra 
ISI-Bridge chip such systems are envisaged for more expensive printers (compared to the low-cost basic 
SoPEC powered printers that are initially being targeted) in the future. 

An ISI line speed (i.e. the speed of each individual ISI wire) of 32 Mbit/s is therefore proposed as it will 
allow ISI data to be oversampled 5 times (at a pclk frequency of 160MHz). The total bandwidth of the ISI 
will depend on the number of pins used to implement the interface. The current expectation is that two 
pins will be used, giving a peak raw bandwidth of 64 Mbit/s, and this is the scenario that is used in this 
document. However the ISI protocol will work equally well if four pins are used for transmission/recep- 
tion and this would give a peak raw bandwidth of 128 Mbit/s. The number of pins available for the ISI is 
currently under investigation as part of the package selection process. With either a two or four pin ISI 
solution a 32 Mbit/s line speed would allow the movement of data in to and out of a storage SoPEC (as 
described in 12.3.4 above), which is the most bandwidth hungry ISI use, in a timely fashion. 

The maximum effective bandwidth of a two wire ISI, after allowing for protocol overheads and bus turn- 
around times, is expected to be approx. 50 Mbit/s. 
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12.6.4 ISI protocol 



The ISI is a serial interface utilizing a two wire half-duplex configuration as shown in Figure 28 below. An 
ISIMaster must always be present and up to 14 ISISlaves may also be on the ISI bus. The ISI bus enables 
broadcasting of data, ISIMaster to ISISIave communication, ISISlave to ISIMaster communication and 
ISISlave to ISISlave communication. Flow control, error detection and retransmission of errored packets is 
also supported. ISI transmission is asynchronous and a Start field is present in every transmitted packet to 
ensure synchronization for the duration of the packet. Bit-stuffing is required as it is expected that synchro- 
nization cannot be guaranteed for the length of the longest allowed packet 1 Open Issue: This should be 
confirmed with the spec of the crystal used with SoPEC. We may wish to constrain the spec oixtalin and 
also xtalin for the ISI-Bridge chip to ensure the ISI cannot drift out of sync during packet reception. 
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Figure 28. ISt configuration with four SoPEC devices 

To maximize the effective ISI bandwidth while minimising pin requirements a two wire half-duplex inter- 
leaved transmission scheme is used. Figure 29 below shows how a 16-bit word is transmitted from an ISI- 
Master to an ISISlave. Data is interleaved on a bit-by-bit basis over the two ISI lines and this requires all 
ISI packets to be an even number of bits in length. This interleaving could easily be extended to four pins 
if required 

All ISI transactions are initiated by the ISIMaster and every non-broadcast data packet needs to be 
acknowledged by the addressed recipient. An ISISIave may only transmit when it receives a ping packet 
(see section 12.6.4.5) addressed to it. To avoid bus contention all ISI devices must wait one bit-time (5 pclk 
cycles) after detecting the end of a packet before transmitting a packet (assuming they are required to 
transmit). All non-transmitting ISI devices must tristate their Tx drivers to avoid line contention. A pull-up 
resistor is therefore required on both ISI lines to reduce the possibility of false data detection. The ISI pro- 
tocol is defined to avoid devices driving out of order (e.g. when an ISISIave is no longer being addressed). 
As the ISI will use standard I/O pads there will be no physical collision detection mechanism. 



1 . Current max packet size ~= 290 bits = 145 bits per line (on a 2 wire ISI) = 725 1 60MHz cycles. Thus the pclks in the two communicat- 
ing ISI devices should not drift by more than one cycle in 725 i.e. 1 379 ppm. Careful analysis of the crystal, PLL and oscillator specs 
and the sync detection circuit is needed here to ensure our solution is robust 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 1 1 1 



SoPEC : Hardware Design 



J3 



DOOut 
OutputEnaWe(=1) 
DOIn 

ISI Master 

DOOut « 
OutputEnable(= 
DOIn 




<bi4Ybi*bi(# baYbe Yb4 Yb2 Ybo) 




4>- 



DOOut 

OutputEnaWe(=0) 
DOIn 

ISISiave 

DOOut 

OutpuiEnabfe(=0) 
DOIn 



Figure 29. Half-duplex Interleaved transmission from ISIMaster to ISISiave 

There are three types of ISI packet: a long packet (used for data transmission), a ping packet (used by the 
ISIMaster to prompt ISISlaves for packets) and a short packet (used to acknowledge receipt of a packet). 
All ISI packets are delineated by a Start and Stop fields and transmission is atomic i.e. an ISI packet may 
not be split or halted once transmission has started. 

i 

12.6.4. 1 ISI transactions 

The different types of ISI transactions are outlined in Figure 30 below. As described later all NAKs are 
inferred and ACKs are not addressed to any particular ISI device. 
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Transaction 1: Long packet to an addressed ISISiave 
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Transaction 2: Ping packet to an addressed ISISiave. ISISiave has nothing to send 
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ISIMaster ISISIave A ISISIave B 




Transaction 3: Ping packet to an addressed ISISIave. ISISIave A responds with a long packet to 
ISISlaveB and ISISIaveB responds with an ACK or NAK. 

ISIMaster ISISIave A ISISIave B 




Transaction 4: Ping packet to an addressed ISISIave. ISISIaveA responds with a long packet to 
the ISIMaster and the ISIMaster responds with an ACK or NAK. 

Figure 30. ISI transactions 

12.6.4.2 Start field description and bit stuffing 

The Start field serves two purposes: To allow the start of a packet be unambiguously identified and to 
allow the receiving device synchronise to the data stream. The symbol, or data value, used to identify a 
Start field must not legitimately occur in the ensuing packet. Bit stuffing is used to guarantee that the Start 
symbol will be unique in any valid (i.e. error free) packet. The Start symbol should therefore be suffi- 
ciently long to ensure that the bit stuffing overhead is low but should still be short enough to reduce its own 
contribution to the packet overhead. A Start bit length of 8 bits is therefore used as it is an effective com- 
promise between these two constraints. The Start field, like every byte in a packet, is transmitted with its 
rightmost (lsb) bit first 

If the correct symbol value is used bit stuffing offers the further advantage of forcing transitions on the ISI 
lines which will allow synchronization be maintained. Unfortunately a symbol value that is good for forc- 
ing transitions (e.g. 0x00) is not good for guaranteeing initial synchronization and vice versa i.e. a symbol 
such as OxAA would ensure initial synchronization but cannot prevent synchronization being lost if a long 
run of zeroes or ones is subsequently transmitted. 

To resolve this conflict the Start symbol will be OxAA and three different types of bit stuffing are used. 
Whenever OxAA is encountered in the data stream a 0 is inserted before the msb resulting in the 9-bit 
value 0xl2A (i.e. blOlOlOlO -> blOOlOlOlO). To ensure transitions occur during a long run of zeroes a 1 
is inserted after 7 zeroes thus 0x00 becomes 0x080 (i.e. bOOOOOOOO -> bOlOOOOOOO). Likewise to ensure 
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transitions will occur during a run of ones a 0 is inserted after 7 ones and so OxFF becomes 0xl7F (i.e. 
bl 1 1 1 1 1 1 1 -> blOl 1 1 1 1 1 1). The receiving ISI device must detect these special values and strip out the 
inserted ones and zeroes. 

Note that any violation of bit stuffing will result in the FrameError status bit being set and the incoming 
packet will be treated as an errored packet. Furthermore if the Start field is not received as OxAA the 
FrameError status bit is set and incoming data is discarded until a correct Start field is detected 
In a truly random data such a bit stuffing scheme could cause an overhead of approx. 0.15%. While the 
data transmitted over the ISI will not be truly random (0x00 and OxFF are likely to occur more often than 
they would in a random data set) the overhead should remain low and will never exceed 1 1.1% (i e 1 in 
every 9 bits). 

12.6.4.3 Stop fiefd description 

A 2-bit Stop field (= bl l ) is used to ensure that both lines return to the high state before the next packet is 
transmittecL Two bits are required because the Stop field will be interleaved over both ISI lines (4 bits 
would be used in a 4 wire ISI). The Stop field is not subject to bit stuffing because bit stuffing could result 
in the final transmitted bit being a 0 on one of the ISI lines. 

12. 6.4.4 ISI long packet description 

The format of a long ISI packet is shown in Figure 31 below. Data may only be transferred between ISI 
devices using a long packet as both the short and ping packets have no payload field. Except in the case of 
a broadcast packet, the receiving ISI device will always reply to a long packet with either an explicit ACK 
(no error detected in received packet) or an inferred NAK (an error was detected in the received packet). 
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Figure 31. IS! long packet 

All long packets begin with the Start field as described earlier. The PktDesc field is described in Table 29. 



Table 29. PktDesc field description 
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0 


Packet type indicator: 
1 - Short packet 

0 - Non-short (i.e. lonfi/ping) packet 
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Table 29. PktDesc field description 





mBmasEmssmmmMsmmm 


1 


Data paytoad present indicator 

1 - This packet contains paytoad (i.e. long packet) 

0 - This packet has no paytoad 


2 


Sequence bit value. Only valid for long packets. See section 12.6.4.8 for a 
description of sequence bit operation 



Any ISI device in the system may transmit a long packet but only the ISIMaster may initiate an ISI trans- 
action using a long packet. An ISISlave may only send a long packet in reply to a ping message from the 
ISIMaster. A long packet from an ISISlave may be addressed to any ISI device in the system although the 
ISIMaster (or the PrintMaster if it is a different device) will be the usual recipient. 

The Address field is straightforward and complies with the ISI naming convention described in section 
12.7. 

The payload field is exactly what is in the transmit buffer of the transmitting ISI device and gets copied 
into the receive bufTer of the addressed ISI device(s).When present the payload field is always 256 bits. 
To ensure strong error detection a 16-bit CRC is appended This CRC is calculated over the entire packet 
(excluding the Start and Stop fields). The HDLC standard CRC- 16 (i.e. G(x) - x 16 + x 12 + x 5 +/) is to be 
used for this calculation, which is to be performed serially. 

12.6.4.5 ISI ping packet 

The ISI ping packet is used to allow ISISlaves transmit on the ISI bus. As can be seen from Figure 32 
below the ping packet is cab be viewed as a special case of the long packet. In other words it is a long 
packet without any payload, whose PktDesc field is always bOOO and whose ISISubld is always 1. The 
ISISubld is unused in ping packets because the ISIMaster is addressing the ISI device rather than one of 
the DMA channels in the device. The ISISlave may address any ISIId.ISISubld in response if it wishes. 
The ISISlave will respond to a ping packet with either an explicit ACK (if it has nothing to send), an 
inferred NAK (if it detected an error in the ping packet) or a long packet (containing the data it wishes to 
send). Note that inferred NAKs do not result in the retransmission of a ping packet. This is because the 
ping packet will be retransmitted on a predetermined schedule (see 1 2.6.4. 10 for more details). 
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Figure 32. ISI ping packet 

An ISISlave should never respond to a ping message to the broadcast ISIId as this must have been sent in 
error. An ISI ping packet will never be sent in response to any packet and may only originate from an ISI- 
Master. 
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12.6.4.6 iSi short packet description 

The ISI short packet is only 14 bits long, including the Start and Stop fields, A value of blOOl is proposed 
for the ACK symbol. As a 1 6-bit CRC is inappropriate for such a short packet it is not used. In fact there is 
only one valid value for a 14-bit short ACK packet as the Start, ACK and Stop symbols all have fixed val- 
ues. Short packets are only used for acknowledgements (i.e explicit ACKs). The format of a short ISI 
packet is shown in Figure 33 below. 



Start 


Ack 
Symbol 


Stop 




8 bits 


4 bits 


2 bits 



Figure 33. Short ISI packet 

12.6.4.7 Error detection and retransmission 

The 16-bit CRC will provide a high degree of error detection and the probability of transmission errors 
occurring is very low as the transmission channel (i.e. PCB traces) will have a low inherent bit error rate. 
The number of undetected errors should therefore be minute. A simple retransmission mechanism frees 
the CPU from getting involved in error recovery for most errors because the probability of a transmission 
. en-or occurring more than once in succession is very, very low in normal circumstances. 

After each non-short ISI packet is transmitted the transmitting device will open a reply window. The size 
of the reply window will be 9 bit times (i.e. 14 bits transmitted on two wires plus 2 bit times to allow for 
bus turnarounds and timing differences) when a short packet is expected and 147 bit times (i.e. 290 bits 
transmitted on two wires plus 2 bit times to allow for bus turnarounds and timing differences) when a long 
packet is expected in reply 

When a packet has been received without any errors the receiving ISI device must transmit its acknowl- 
edge packet (which may be either a long or short packet) before the reply window closes. When detected 
errors do occur the receiving ISI device will not send any response. The transmitting ISI device interprets 
this lack of response as a NAK indicating that errors were detected in the transmitted packet or that the 
receiving device was unable to receive the packet for some reason. If a long packet was transmitted the 
transmitting ISI device will keep the transmitted packet in its transmit buffer for retransmission. If the 
transmitting device is the ISIMaster it will retransmit the packet immediately while if the transmitting 
device is an ISISlave it will retransmit the packet in response to the next ping it receives from the ISIMas- 
ter. 

The transmitting ISI device will continue retransmitting the packet when it receives a NAK until it either 
receives an ACK or the number of retransmission attempts equals the value of the NumRetries register. If 
the transmission was unsuccessful then the transmitting device sets the TxError bit in its ISIStatus register. 
The receiving device also sets the RxError bit in its ISIStatus register whenever it detects NumRetries + 1 
errored packets in succession. The NumRetries registers in all ISI devices should therefore be set to the 
same value for consistent operation. Note that successful transmission or reception of ping packets do not 
affect retransmission operation. Open Issue: In the case of an ISI device receiving a packet in error from 
an ISISlave the NumRetries count will be reset if it subsequently receives an error free packet from any ISI 
device (which may not be the ISISlave that transmitted the errored packet). Thus the RxError operation is 
only effective for ISIMaster to ISISlave transactions as these are the only ones where retransmissions will 
be sequential. Either we live with this or we could implement a NumRetriesCount window which would 
allow all NAKs within a specified window to be counted. If NumRetries is exceeded within this window 
then we have a RxError otherwise we can reset the count. 
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Note that either a transmit or receive error will cause the ISI to stop transmitting or receiving respectively. 
CPU intervention will be required to resolve the source of the problem and to restart the ISI transmit or 
receive operation. Transmit or receive errors should be extremely rare and their occurrence will most 
likely indicate a serious problem. 

Note that broadcast packets are never acknowledged to avoid contention on the common ISI lines. If an 
ISISlave detects an error in a broadcast packet it must use the message passing mechanism described ear- 
lier to alert the ISIMaster to the error. 



To ensure that communication between transmitting and receiving ISI devices is correctly ordered a 
sequence bit is included in every long packet to keep both devices in step with each other. Sequence bits 
are not used for short or ping packets as they are not used for data transmission. In addition to the transmit- 
ted sequence bit all ISI devices keep two local sequence bits, one for each ISISubf d Furthermore each ISI 
device maintains a transmit sequence bit for each ISIId and ISISubld it is in communication with. For 
packets sourced from the host (via USB) the transmit sequence bit is contained in the relevant USBEPnD- 
est register while for packets sourced from the CPU the transmit sequence bit is contained in the 
CPUISlTxBuffCntrl register. The sequence bits for received packets are stored in DMAOSeqBit and 
DMAlSeqBit registers. All ISI devices will initialise their sequence bits to 0 after reset. It is the responsi- 
bility of software to ensure that the sequence bits of the transrnitting and receiving ISI devices are cor- 
rectly initialised each time a new source is selected for any ISIId.ISISubld channel. 

Sequence bits are not used in all broadcast and ping packets. Each SoPEC may also ignore the sequence 
bit on either of its ISISubld channels by setting the appropriate bit in the SequenceMask register. The 
sequence bit should be ignored for ISISubld channels that will carry data that can originate from more 
than one source and is self ordering e.g. control messages. 

A receiving ISI device will toggle its sequence bit addressed by the ISISubld only when the receiver is 
able to accept data and receives an error-free data packet addressed to it. The transrnitting ISI device will 
toggle its sequence bit for that ISIId.ISISubld channel only when it receives a valid ACK handshake from 
the addressed ISI device. 

Figure 34 shows the transmission of two long packets with the sequence bit in both the transrnitting and 
receiving devices toggling from 0 to 1 and back to 0 again. The toggling operation will continue in this 
manner in every subsequent transmission until an error condition is encountered. 



12.6.4.8 Sequence bit operation 
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Figure 34. Successful transmission of two long packets with sequence bit toggling 
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When the receiving ISI device detects an error in the transmitted long packet or is unable to accept the 
packet (because of full buffers for example) it will not return any packet and it will not toggle its local 
sequence bit An example of this is depicted in Figure 35. The absence of any response prompts the trans- 
mitting device to retransmit the original (seq=0) packet. This time the packet is received without any errors 
(or buffer space may have been freed) so the receiving ISI device toggles its local sequence bit and 
responds with an ACK. The transmitting device then toggles its local sequence bit to a 1 upon correct 
receipt of the ACK. 
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Figure 35. Sequence bit operation with errored long packet 

However it is also possible for the ACK packet from the receiving ISI device to be corrupted and this sce- 
nario is shown in Figure 36. In this case the receiving device toggles its local sequence bit to 1 when then 
long packet is received without error and replies with an ACK to the transmitting device. The transmitting 
device detects an error in the ACK packet and so will not change its local sequence bit. It then retransmits 
the seq=0 long packet. When the receiving device finds that there is a mismatch between the transmitted 
sequence bit and the expected (local) sequence bit is discards the long packet and replies with an ACK. 
When the transmitting ISI device correctly receives the ACK it updates its Local sequence bit to a 1 , thus 
restoring synchronization. Note that when the SequenceMask bit for the addressed ISISubld is set then the 
retransmitted packet is not discarded and so a duplicate packet will be received. The data contained in the 
packet should be self-ordering and so the software handling these packets (most likely control messages) 
is expected to deal with this eventuality. 
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ISI Device ISI Device 




Figure 36. Sequence bit operation with ACK error 
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1Z6.4.9 Flow control 



The ISI also supports flow control by treating it in exactly the same manner as an error in the received 
packet Because the SCB enjoys greater guaranteed bandwidth to DRAM than both the ISI and USB can 
supply flow control should not be required during normal operation. Any blockage on a DMA channel will 
soon result in the NumRetries value being exceeded and transmission to that DMA channel being halted. 
Because flow control is treated in the same manner as an error in the received packet neither the transmit- 
ting nor the receiving ISI device will be able to differentiate the cause of a TxError or RxError. 



While the CPU of the ISIMaster could send a ping packet by writing the appropriate header to the 
CPVlSrTxBuffCntrl register it is expected that all ping packets will be generated in the ISI itself The use 
of automatically generated ping packets ensures that ISISlaves will be given access to the ISI bus with a 
prograrhmable minimum guaranteed frequency in addition to whenever it is idle. Five registers facilitate 
the automatic generation of ping messages within the ISI: PingScheduleO, PingSchedulel, PingSchedule2 t 
ISITotalPeriod and ISILocalPeriod. Auto-pinging can be enabled or disabled by writing to the AutoPin- 
gEnable bit of the fSICntrl register. 

Each bit of the 14-bit PingScheduleN register corresponds to an ISIId that is used in the Address field of 
the ping packet and a 1 in the bit position indicates that a ping packet is to be generated for that ISIId. A 0 
in any bit position will ensure that no ping packet is generated for that ISIId As ISISlaves may differ in 
their bandwidth requirement (particularly if a storage SoPEC is present) three different PingSchedule reg- 
isters are used to allow an ISISlave receive up to three times the number of pings as another active 
ISISlave. When the ISIMaster is not sending long packets (sourced from either the CPU or USB in the 
case of a SoPEC ISIMaster) ISI ping packets will be transmitted according to the pattern given by the three 
PingScheduleN registers. The ISI will start with the lsb of PingScheduleO register and work its way from 
lsb through msb of each of the PingScheduleN registers. When the msb of PingSchedule 2 is reached the 
ISI returns to the lsb of PingScheduleO and continues to cycle through each bit position of each Ping- 
ScheduleN register. 

With the addition of auto-ping operation we now have three potential sources of packets in an ISIMaster 
SoPEC: USB, CPU and auto-ping. Arbitration between the CPU and USB for access to the ISI is handled 
outside the ISI (see section 12.7.7) but arbitration between auto-ping packets and CPU/USB originating 
packets, which we will refer to as local packets, happens within the ISI. To ensure that local packets get 
priority whenever possible and that ping packets can have some guaranteed access to the ISI we use two 4- 
bit counters whose reload value is contained in the ISITotalPeriod and ISILocalPeriod registers. As we will 
see in 1 2.6.4. 1 every ISI transaction is initiated by the ISIMaster transmitting either a long packet or a ping 
packet. The ISITotalPeriod counter is decremented for every ISI transaction when contention occurs (i.e. 
both a ping and a local packet wish to transmit) while the ISILocalPeriod counter is decremented for every 
local packet that is transmitted. Neither counter is decremented by a retransmitted packet. 

The amount of guaranteed ISI bandwidth allocated to both local and ping packets is determined by the val- 
ues of the ISITotalPeriod and ISILocalPeriod registers. Local packets will always be given priority when 
the ISILocalPeriod counter is non-zero. Ping packets will be given priority when the ISILocalPeriod 
counter is zero and the ISITotalPeriod counter is still non-zero. Both the ISITotalPeriod and ISILocalPe- 
riod counters are reloaded by the next local packet transmit request after the ISITotalPeriod counter has 
reached zero. This reload policy minimises the maximum latency for ping packets at the expense of maxi- 
mum latency for local packets. 

Note that ping packets are quite likely to get more than their guaranteed bandwidth as they will be trans- 
mitted whenever the ISI bus is idle (i.e. no pending local packets) and so do not decrement either counter. 
Local packets on the other hand will never get more than their guaranteed bandwidth because each local 
packet transmitted decrements both counters. The difference between the values of the ISITotalPeriod and 
ISILocalPeriod registers determines the number of automatically generated ping packets that are guaran- 



12.6.4.10 Auto-ping operation 
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teed to be transmitted every ISITotalPeriod number of ISI transactions. If the ISITotalPeriod and ISILo- 
calPeriod values are the same then the local packets will always get priority and could totally exclude ping 
packets if the CPU always has packets to send. 

For example if ISITotalPeriod = OxC; ISILocalPeriod » 0x8; PingScheduleO = 0x07; PingSchedulel « 
0x06 and PingSchedulel = 0x04 then four ping messages are guaranteed to be sent in every 12 ISI transac- 
tions. Furthermore ISIId3 will receive 3 times the number of ping packets as ISIdl and ISIId2 will receive 
twice as many as ISIdl. Thus over a period of 36 contended ISI transactions (allowing for two full rota- 
tions through the three PingScheduleN registers) when local packets are always pending 24 local packets 
will be sent, ISIdl will receive 2 ping packets, ISId2 will receive 4 pings and ISId3 will receive 6 ping 
packets. If local traffic is less frequent then the ping frequency will automatically adjust upwards to con- 
sume all idle ISI bandwidth. 

12.6.4.11 USl Registers 

Table 30 below details the ISI configuration registers. Note that some of these registers are also used by 
other blocks in the SCB. 



Table 30. ISI configuration registers 









* ate. e &, i 9mi*&tfMt'£ttm 


0x00 


ISICntrl 


5 


0x2 


ISI Control register 


0x04 


(Slid 


4 


0x1 


ISI Id for this SoPEC. A value of 0 indicates the 
device is an tSIMaster. Note that the SoPEC resets 
to being an ISIStave and that OxF (the broadcast 
ISIId) is an illegal value and should not be written to 
this register 


0x08 


NumRetries 


4 


0x02 


Number of retransmissions to attempt in response to 
a NAK before aborting a long packet transmission 


OxOC 


ISI PingScheduleO 


14 


0x0000 


Denotes which ISI Ids will be receive ping packets. 
Note that bitO refers to ISIIdl. bitl to ISIId2...bit13 to 
ISIW14. 


0x10 


ISI PingSchedulel 


14 


0x0000 


As per PingScheduleO 


0x14 


ISIPIngSchedule2 


14 


0x0000 


As per PingScheduleO 


0x16 


ISITotalPeriod 


4 


OxF 


Reload value of the ISITotalPeriod counter 


0x1 C 


ISILocalPeriod 


4 


OxF 


Reload value of the ISILocalPeriod counter 


0x20 


ISlStatus 


6 


0x00 


ISI Status register. This register is Readonly. 


0x24 


ISlMask 


6 


OxOO 


ISI Interrupt Mask register 


0x30 - 0x4C 


CPLMSJTxBuff 


32 


n/a 


32-byte CPUISI transmit buffer 


0x50 


CPUISlTxBuffCntrl 


13 


0x0000 


Control register for the CPUISI transmit buffer 


0x60 - 0x7C 


CPUlSIRxBuff 


32 


n/a 


32-byte ISI receive buffer. This is the half of the dou- 
ble buffer that contains the oldest data. 


0x80 


iSlRxBuffDest 


1 


0x0 


Only one of the CPU and the DMA manager is 
allowed to empty the receive buffer at any time. 
1 = CPU will empty the receive buffer 
0 = DMA manager will empty the receive buffer 



12.6.4.11.1 ISI control register 

The ISICntrl register is described in Table 31 below. Note that the reset value of this register allows the 
SoPEC to automatically become an ISIMaster (AutoMasterEnable * 1) if any USB packets are received on 
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J3 



endpoints 2-4. On becoming an IsrMaster the ISIId register is set to 0, the TxEnable bit of the ISICntrl reg- 
ister is set and any USB or CPU packets destined for other ISI devices are transmitted The CPU can over- 
ride this capability at any time by clearing the AutoMasterEnable bit Automatic ping operation can only 
be enabled by the CPU as the reset values of the PingScheduleN registers are all 0 and neither I?MA chan- 
nel is automatically configured. 



Table 31. ISICntrl register 





WMM 




TxEnable 


0 


EnabJes ISI transmission of Jong or ping packets. This is cleared by 
transmit errors and so needs to be restarted by the CPU. Note that 
ACKs may stffl be transmitted when this bit is 0. 
1 = Transmission enabled 
0 = Transmission disabled 


RxEnabie 


1 


Enables ISI reception. This Is cleared by receive errors and so 
needs to be restarted by the CPU. 
1 = Reception enabled 
0 - Reception disabled 


AutoPing Enable 


2 


Enables auto-ping operation 
1 = auto-ping enabled 
0 = auto-ping disabled 


AutoMasterEnable 


3 


Enables the device to automatically become the ISI Master if activ- 
ity is detected on USB endpoints2-4. 
1 = auto^naster operation enabled 
0 = auto-master operation disabled 



12.6.4.11.2 ISI status register 

The ISIStatus register is read-only to the CPU. Status bits are set by the relevant condition occurring and 
are cleared by writing to either the TxEnable or RxEnabie bits of the ISICntrl register or the CPUISITx- 
Buff. 



Table 32. ISIStatus register 



MHMB 


mm 




FrameError 


0 


Framing error detected in the received packet. This can be caused 
by an incorrect Start or Stop field or by bit stuffing errors 


RxError 


1 


A CRC error or flow control condition was detected in NumRe- 
fr/es+1 successive packets (excluding ping packets) 


RxBuffFuli 


2 


There is no space remaining in the receive double buffer 


RxBuffOverflow 


3 


An overflow has occurred In the ISI receive buffer and a packet had 
to be dropped. 


CPUlSITxBuffEmpty 


4 


The CPUISITxBuff is empty 


TxError 


5 


Transmission error. Receiving ISI device would not accept the 
transmitted packet Only set after NumRetries unsuccessful 
retransmissions (excluding ping packets). 
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12.6.4.11.3 ISI mask register 

An interrupt will be generated in an edge sensitive manner i.e the ISI will generate an isijcujirq pulse 
each time a status bit goes high and the corresponding bit of the ISIMask register is enabled. 



Table 33. ISIMask register 



«1H 




FrameErrorlntEn 


0 


Interrupt enable mask bit for the FrameError status bit 


RxErrorlntEn 


1 


Interrupt enable mask bit for the Rx Error status bit 


RxBuffFufllntEn 


2 


Interrupt enable mask bit for the RxBuffFulI status bit j 


RxBuffOve rflowlntEn 


3 


Interrupt enable mask bit for the RxBuffOverffow status bit 


C PU ISITxBuffEmpty- 
IntEn 


4 


Interrupt enable mask bit for the CPUISITxBufiEmpty status bit I 


TxErrorfntEn 


5 


Interrupt enable mask bit for the TxError status bit 



12.6.4.11.4 CPUISITxBuffCntrl register 

The CPUISITxBuffCntrl register contains the header field for the packet in the CPUISI transmit buffer. 
Writing to this buffer validates the contents of the CPUISI transmit buffer i.e. each time the CPU places a 
packet in the CPUISI transmit buffer it must write the packet header to this register to initiate its transfer in 
to the SCB transmit buffer (see section 12.7). Note that the CPU is responsible for toggling the sequence 
bit of any long packets it wishes to transmit. The CPUISITxBuffEmpty status bit will be set when CPUTx- 
PktSize bytes have been transferred to the SCB transmit buffer. 



Table 34. CPUISITxBuffCntrl register 



m 




jam 




PktDesc 


2:0 


PktDesc field (as per Table 29) for the packet currently in the CPU- 
ISI transmit buffer. 


DestlSISubld 


3 


Indicates which DMAChannel of the target SoPEC the data in the 
CPUISI transmit buffer is destined for: 

0 = DMAChanneJO 

1 a DMAChanneM 


OestiSlld 


7:4 


Denotes the ISIId of the target SoPEC as per Table 35 



12.7 SCB Mapping 

In order to support maximum flexibility when moving data through a multi-SoPEC system it is possible to 
map any USB endpoint onto either DMAChannel within any SoPEC in the system. A logical view of the 
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SCB is shown in Figure 37. This view differs from the likely implementation but it allows for a clearer 
depiction of data movement within the SCB. 



SCB 




SCB 

Control 

Block 



CPU Subsystem Bus 



SCB 




TxBuffer 





SCB 
Map 



DMA 
Manager 



Ch4nnali 



Rx 



ISI 



CPU 



DIU 



— isLdin 
-> isLdout 



Figure 37. SCB logical view 

The SCB map, and indeed the SCB itself is based around the concept of an ISIId and an ISISubld. Each 
SoPEC in the system has a unique ISIId and two ISISublds, namely ISISubldO and ISISubld I. We use the 
convention that ISISubldO corresponds to DMAChannelO in each SoPEC and ISISubldl corresponds to 
DMAChannell. The naming convention for the ISIId is shown in Table 35 below and this would corre- 
spond to a multi-SoPEC system such as that shown in Figure 27. We use the term ISIId instead of SoPE- 
Cld to avoid confusion with the unique ChipID used to create the SoPECJd and SoPEC_idJcey (see 
| chapter 17 and {9] for more details). 



Table 35. ISIId naming convention 











0 


ISIMaster (typically a SoPEC connected to the host via USB1.1) 


1 -14 


ISISIave1-14 


15 


Broadcast ISIId 



The combined ISIId and ISISubld therefore allow us to address any DMAChannel in the system. The ISI, 
DMA manager and SCB map hardware use the ISIId and ISISubld to handle the different data streams that 
are active in a multi-SoPEC system as does the software running on the CPU of each SoPEC. In this docu- 
ment we will identify DMAChannels as ISIx.y where x is the ISIId and y is the ISISubld. Thus ISI2.1 
refers to DMAChannell of ISISlaveZ Any data sent to a broadcast channel, i.e. IS115.0 or ISI15.1, are 
received by every ISI device in the system including the ISIMaster (which may be an ISI-Bridge). 

The USB controller and software stacks however have no understanding of the ISIId and ISISubld but the 
Silverbrook printer driver software running on the host PC does make use of the ISIId and ISISubld. USB 
is simply used as a data transport - the mapping of USB endpoints onto ISIId and Subld is communicated 
from the host PC Silverbrook code to the SoPEC Silverbrook code through USB control (or possibly bulk 
data) messages i.e. the mapping information is simply data payload as far as USB is concerned. The code 
running on SoPEC is responsible for parsing these messages and configuring the SCB accordingly. 
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The use of just two DMAChannels places some limitations on what can be achieved without software 
intervention. For every SoPEC in the system there are more potential sources of data than there are sinks. 
For example an ISISlave could receive both control and data messages from the ISIMaster SoPEC in addi- 
tion to control and data from the host, either specifically addressed to that particular ISISlave or over the 
broadcast ISI channel. However all ISISlaves only have two possible data sinks, i.e. the two DMAChan- 
nels. Another example is the ISIMaster in a multi-SoPEC system which may receive control messages 
from each SoPEC in addition to control and data information from the host (e.g. over USB). In this case all 
of the control messages are in contention for access to DMAChannelO, We resolve these potential conflicts 
by adopting the following conventions: 

1) Control messages may be interleaved in a memory buffer: The memory buffer that the 
DMAChannelO points to should be regarded as a central pool of control messages. Every control 
message must contain fields that identify the size of the message, the source and the destination of 
the control message. Control messages may therefore be multiplexed over a DMAChannel which 
allows several control message sources to address the same DMAChannel. Furthermore, if SoPEC- 
type control messages contain source and destination fields it is possible for the host to send control 
messages to individual SoPECs over the ISI 1 5.0 broadcast channel. 

2 ) Data messages should not be interleaved in a memory buffer: As data messages are typically 
part of a much larger block of data that is being transferred it is not possible to control their contents 
in the same manner as is possible with the control messages. Furthermore we do not want the CPU 
to have to perform reassembly of data blocks. Data messages from different sources cannot be inter- 
leaved over the same DMAChannel - the SCB map must be reconfigured each time a different data 
source is given access to the DMAChannel, 

3 ) Every reconfiguration of the SCB map requires the exchange of control messages: The only 
active SCB map in a multi-SoPEC system is the SCB map in the ISIMaster as all ISISlaves auto- 
matically send data addressed to themselves to either DMAChannelO or 1 i.e. the ISI is the only 
source of incoming data in an ISISlave. The ISIMaster's SCB map reset state is shown in Figure 39 
and any subsequent modifications require the exchange of control messages between the ISIMaster 
and the host. As the host is expected to control the movement of data in any SoPEC system it is 
anticipated that all changes to the SCB map will be performed in response to a request from the 
host. While the ISIMaster could autonomously reconfigure the SCB map (this is entirely up to the 
software running on the ISIMaster) it should not do so without informing the host in order to avoid 
data being misrouted. 

An example of the above conventions in operation is worked through in section 12.7.2. 

12.7.1 Host PC to ISIMaster SoPEC communication 

When considering SCB map configurations we always assume that the ISIMaster is a SoPEC device, in 
| particular the SoPEC connected to the USB bus (and receiving data on USB endpoint 2, 3 or 4), rather than 

an ISI-Bridge chip. ISI-Bridge chips are likely to have something similar to an SCB map and the following 
information should broadly apply to an ISI-Bridge but we focus here on an ISIMaster SoPEC for clarity. 

As the ISIMaster SoPEC represents the printer on the USB bus it is required by the USB specification to 
have a dedicated control endpoint, EPO. At boot time the ISIMaster SoPEC will also require a bulk data 
endpoint to facilitate the transfer of program code from the host PC. The simplest SCB map configuration, 
i.e. for a single stand-alone SoPEC, is sufficient for host to ISIMaster SoPEC communication and is shown 
in Figure 38. In this configuration all USB control information exchanged between the host and SoPEC 
over EPO (which is the only bidirectional USB endpoint). SoPEC specific control information (printer sta- 
tus, DNC info etc.) is also exchanged over EPO. 

All packets sent to the host from SoPEC over EPO must be written into the EPO FIFO by the CPU. All 
packets sent from the host to SoPEC can be placed in DRAM by the DMA Manager (as is usually the 
case) or read directly by the CPU. This asymmetry is because in a multi-SoPEC environment the CPU will 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 124 



SoPEC : Hardware Design 



need to examine all incoming control messages (i.e. messages that have arrived over DMAChannelO) to 
ascertain their source and destination (i.e. they could be from an ISISlave and destined for the host) and so 
the additional overhead in having the CPU move the short control messages to the EPO FIFO is relatively 
small. Furthermore we wish to avoid making the SCB more complicated than necessary, particularly when 
there is no significant performance gain to be had as the control traffic will be relatively low bandwidth. 

The above mechanisms are appropriate for the types of communication outlined in sections 124 1 1 
through 12.4.1.4 



Source 


Sink 


EPO 


ISIO.O 


EP1 


ISI0.1 


EP2 


nc 


EP3 


nc 


EP4 


nc 



SCB 




key: 

Control and data 

from host 

Control info from 

SoPEC 

Figure 38. Single SoPEC SCB map configuration and dataflow 
12.7.2 Broadcast communication 

An SCB configuration for broadcast communication is shown in Figure 39. This particular configuration is 
also the default, post power-on reset, configuration for the ISIMaster SoPEC. USB endpoints EP2 and EP3 
are mapped onto ISISublDO and ISISubldl of ISIIdl5 (the broadcast ISIId channel). EPO is used for con- 
trol messages as before and EP1 is a bulk data endpoint for the ISIMaster SoPEC. Depending on what is 
convenient for the boot loader software, EP1 may or may not be used during the initial program download, 
but EP1 is highly likely to be used for compressed page or other program downloads later. For this reason 
it is part of the default configuration. In this setup the USB device configuration will take place, as it 
always must, by exchanging messages over the control channel (EPO). 

One possible boot mechanism is where the host PC sends the bootloaderl program code to all SoPECs by 
broadcasting it over EP3. Each SoPEC in the system then authenticates and executes the bootloaderl pro- 
gram. The ISIMaster SoPEC then polls each ISISlave (over the ISIx.O channel). Each ISISlave ascertains 
its ISIId by sampling the particular GPIO pins required by the bootloaderl and reporting its presence and 
status back to the ISIMaster. The ISIMaster then passes this information back to the host over EPO. Thus 
both the host and the ISIMaster have knowledge of the number of SoPECs, and their ISIIds, in the system. 
The host may then reconfigure the SCB map to better optimise the SCB resources for the particular multi- 
SoPEC system. This could involve simplifying the default configuration to a single SoPEC system (Figure 
38) or remapping the broadcast channels onto DMAChannels in individual ISISlaves. 
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Figure 39. Default SoPEC SCB map configuration and dataflow 



The following steps are required to reconfigure the SCB map from the system depicted in Figure 39 to one 
where EP3 is mapped onto ISI1.0: 

1) The host PC sends a control message(s) to the ISIMaster SoPEC requesting that USB EP3 be 
remapped to ISI 1.0 

2 )The ISIMaster SoPEC sends a control message to the host PC informing it that EP3 has now been 
mapped to ISI1.0 (and therefore the host knows that the previous mapping of ISI 15.1 is no longer 
available through EP3). 

3 ) The host may now send control messages directly to ISISlavel without requiring any CPU interven- 
tion on the ISIMaster SoPEC 



12.7.3 Host PC - ISISIave SoPEC communication 

The default post-boot (as opposed to post-reset) SCB map configuration for an ISISIave SoPEC is to have 
all USB endpoints unconnected The ISI automatically forwards any data addressed to it (including broad- 
cast data) to the DMA with the appropriate ISISubld. If the ISIMaster is configured correctly (e.g. when 
the ISIMaster is a SoPEC, and that SoPEC's SCB map is configured correctly) then data sent from the host 
destined for an ISISIave will be transmitted on the ISI with the correct address. If the ISISIave has data to 
send to the host it must do so by sending a control message to the ISIMaster identifying the host as the 
intended recipient. It is then the ISIMaster's responsibility to forward this message to the host. 

With this configuration the host can communicate with the ISISiave via broadcast messages only and this 
is the mechanism by which the bootloaderl program is downloaded. The ISISIave is unable to communi- 
cate with the host (or the ISIMaster) until the bootlloaderl program has successfully executed and the 
ISISIave has determined what its ISIId is. After the bootloaderl program (and possibly other programs) 
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has executed the SCB map of the ISIMaster may be reconfigured to reflect the most appropriate topology 
for the particular multi-SoPEC system it is part of. 

All communication from an ISISlave to host is achieved by sending messages via the ISIMaster. The 
ISISlave can never initiate communication to the host. If an ISISlave wishes to send a message to the host 
it may do one of two things: (a) wait until it is polled by the ISIMaster or (b) indicate in its ISI acknowl- 
edgement packet (sent in response to the reception of an ISI packet specifically addressed to that ISISlave) 
that it has a message to send. When the ISIMaster receives the message from the ISISlave it first examines 
it to determine the intended destination and will then copy it into the EPO FIFO for transmission to the 
host. The software running on the ISIMaster is responsible for any arbitration between messages from dif- 
ferent sources (including itself) that are all destined for the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.1 5 and 
12.4.1.6. 

12.7.4 ISIMaster - ISISlave communication 

All ISIMaster - ISISlave communication takes place over the ISI. Immediately after reset this can only be 
by means of broadcast messages. Once the bootloaderl program has successfully executed on all SoPECs 
in a multi-SoPEC system the ISIMaster can communicate with each SoPEC on an individual basis. 

If an ISISlave wishes to send a message to the ISIMaster it may do so in response to a ping packet from the 
ISIMaster. When the ISIMaster receives the message from the ISISlave it must interpret the message to 
determine if the message contains information required to be sent to the host. In the case of the ISIMaster 
being a SoPEC, software will transfer the appropriate information into the EPO FIFO for transmission to 
the host. 

The above mechanisms are appropriate for the types of communication outlined in sections 12.4.2.3 and 
12.4.2.4. 



12.7.5 ISISlave - ISISlave communication 

ISISlave to ISISlave communication is expected to be limited to two special cases: (a) when the PrintMas- 
ter is not the ISIMaster and (b) when a storage SoPEC is used. When the PrintMaster is not the ISIMaster 
then it will need to send control messages (and receive responses to these messages) to other ISI Slaves. 
When a storage SoPEC is present it may need to send data to each SoPEC in the system. All ISISlave to 
ISISlave communication will take place in response to ping messages from the ISIMaster. 



12.7.6 SCB Map configuration registers 

The SCB map is configured by mapping a USB endpoint on to a data sink. This is performed on a endpoint 
basis i.e. each endpoint has a configuration register to allow its data sink be selected. Mapping an endpoint 
on to a data sink does not initiate any data flow - each endpoint/data sink needs to be enabled by writing to 
the appropriate configuration registers in the USB controller/ ISI / DMA manager. 



Table 36. SCB Map configuration registers 
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The same encoding is used for each of the USBEPnDest configuration registers and is described in 
Table 37. The ISIId register (see Table 30) allows the SCB map to identify data that should be routed to the 
DMA Manager as well as, or instead of, to the ISI. The SCB map therefore does not need special fields to 
identify the DMAChannels on the ISIMaster SoPEC as this is taken care of by the SCB hardware. Thus the 
USBEPODest and USBEPlDest registers should be programmed with 0x20 and 0x21 (for ISIO.O and 
ISIO. 1) respectively to ensure data arriving on these endpoints is moved directly to DRAM. 



Table 37. USBEPnDest register 



mm 








DestlSISubld 


0 


Indicates which DMAChannel of the target SoPEC the endpoint is 
mapped onto: 

0 = DMAChannefO 

1 = DMAChannell 


DestlSUd 


4:1 


Denotes the ISIId of the target SoPEC as per Table 35 


ChannelEn 


5 


Enable bit for the DMAChannel: 

0 = Channel disabled 

1 = Channel enabled 


SequenceBct 


6 


Sequence bit for packets going from USBEPn to DestiSlld.Destl- 
SlSubld. Every CPU write to this register initialises the value of the 
sequence bit ana* this is subsequently updated by the ISI after 
every successful long packet transmission. | 



A SoPEC ISIMaster should map as many USB endpoints, under the control of the host, as are required for 
the multi-SoPEC system it is part of. As already mentioned this mapping may be dynamically reconfig- 
ured 

12.7.7 SCB transmit buffer arbitration 

When the SCB transmit buffer has been emptied the SCB control logic will immediately seek to refill it 
As there may be data waiting in a USB endpoint FIFOs and in the CPUISI transmit buffer it may be neces- 
sary to arbitrate between these data sources. This arbitration is controlled by the SCBTxBuffArb register 
which contains a high priority bit for both the CPU and the USB. If only one of these bits is set then the 
corresponding source always has priority Note that if the CPU is given absolute priority over the USB the 
software filling the CPUISI transmit buffer needs to ensure that sufficient USB traffic is allowed through. 
If both bits of the SCBTxBuffArb have the same value then arbitration will take place on a round robin 
basis. 

As the speed at which the SCB transmit buffer can be emptied is at least 5 times greater than it can be filled 
by USB traffic the double buffers used for each USB endpoint will not overflow using the above scheme in 
normal operation. There are a number of scenarios which could lead to the USB endpoints being tempo- 
rarily blocked such as the CPU having priority, retransmissions on the ISI bus, channels being enabled (cf. 
the ChannelEn bit of the USBEPnDest register) with data already in their associated endpoint FIFOs or 
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short packets being sent on the USB. Care should be taken to ensure that the USB bandwidth is efficiently 
utilised at all times. 

12.7.8 SCB Control Block 

The SCB control block is responsible for coordinating access to and between the various sub-blocks in the 
SCB. This includes translating between the CPU subsystem bus and the USB native bus protocol, moving 
data from the USB endpoint FIFOs into the SCB transmit buffer, moving data from the CPUISI transmit 
buffer into the SCB transmit buffer and arbitrating between the CPU and itself for access to the SCB sub- 
blocks. 



Table 38. SCB control block configuration registers 









Si" 


p t e l i^lSr 














0x120 


WakeupEnable 


2 


0x0 


This register is used to gate the propagation of the 
USB and ISI reset signals to the CPR block. Active 
high. 

WakeUpEnabte(0]: usb_cpr_res3t_n control 
WakeU pEnabl e[ 1 ] : isi_cpr__re$et_n control 


0x124 


SCBTxBuffAfb 


2 


0x0 


Determines which source has priority when conten- j 
tion arises in filling the SCBTxBuffer. When a bit is 
set priority is given to the relevant source. 
SCBTxBuffArb[OJ: CPU priority 
SCBTxBuffArb[1]: USB priority 


0x128 


SCBDebugSel 


10 


0x000 j 


Contains address of the register selected for debug 
observation as it would appear on cpu_adr[1 1:2} 
The contents of the selected register are output in 
the scb_cpu_data bus while cpu_scb_set is low and 
scb_cpu_debug_vafid \s asserted to indicate the 
debug data is valid. 

it is expected that a number of pseudo-registers will 
be made available for debug observation and these 
will be outlined with the implementation details. 



12.8 DMA Manager 

The DMA manager manages the flow of data between the SCB and the embedded DRAM. Whilst the 
CPU could be used for the movement of data in a USB 1 . i enabled SoPEC a DMA manager is a more effi- 
cient solution as it will handle data in a more predictable fashion with less latency and requiring less buff- 
ering. Furthermore a DMA manager is required to support the ISI transfer speed and to ensure that the 
SoPEC could be used with a high speed ISI-Bridge chip in the future. 

The DMA manager uses two independent channels, one for each ISlSubld. to control the movement of 
data. Both DMAChannels only support write operation and can transfer data from any USB endpoint and 
from the ISI receive buffer. Data is moved at the soonest opportunity to do so and is always moved in 256- 
bit slices as required by the DIU. When it is not possible to use a 256-bit slice of data (e.g. at the end of a 
packet or for a short packet) the DMA manager will still use 256-bit access to the DIU. This means that for 
a DIU write (data incoming to the SoPEC) the DMA manager will pad the valid data with zeroes until a 
256-bit slice has been filled. 

The DMA manager handles all issues relating to byte/word/longword address alignment, data endianness 
and transaction scheduling. It arbitrates between data arriving from. the ISI and data arriving from a USB 
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endpoint on a round robin basis. The greater guaranteed bandwidth available to the DMA manager (50 
Mbit/s at the time of writing but this may need to be increased especially if a 4- wire ISI bus is used. See 
section 20.6 for more details) ensures that the DMA manager is non-blocking. 

While the DMA manager performs the work of moving data the CPU controls the destination and relative 
timing of dataflows to and from the DRAM. The management of the DRAM data buffers requires the CPU 
to have accurate and timely visibility of both the DMA and PEP memory usage. In other words when the 
PEP has completed processing of a page band the CPU needs to be aware of the fact that an area of mem- 
ory has been freed up to receive incoming data. The management of these buffers may also be performed 
by the host. 

12.8.1 Circular buffer operation 

The DMA manager supports the use of circular buffers for both DMAChannels. Each circular buffer is 
controlled by 5 registers: DMAnBottomAdr, DMAnTopAdr, DMAnMaxAdr, DMAnCurrWPtr and DMAnln- 
tAdr. The operation of the circular buffers is shown in Figure 40 below. 




<— DMAnTopAdr 
<— DMAnlntAdr 



4— DMAnCurrWPtr 



p DMAnMaxAdr 
U— DMAnBottomAdr 



(a) 

Key: | | Free buffer space 



DMAnTopAdr 




DMAnMaxAdr 



«4— DMAnlntAdr 



««— DMAnCurrWPtr 



DMAnBottomAdr 



(b) 



Filled buffer space (unprocessed data) 

N>^j Buffer space filled since last write to trie DMAnlntAdr/DMAnMaxAdr registers 

Figure 40. Circular buffer operation 

Here we see two snapshots of the status of a circular buffer with (b) occurring sometime after (a) and some 
CPU writes occurring in between (a) and (b). These CPU writes are most likely to be as a result of a fin- 
ished band interrupt (which frees up buffer space) but could also have occurred in a DMA interrupt service 
routine resulting from DMAnlntAdr being hit. The DMA manager will continue filling the free buffer 
space depicted in (a), advancing the DMAnCurrWPtr after each write to the DIU, Note that the DMACur- 
rWPtr register always points to the next address the DMA manager will write to. When the DMA manager 
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reaches the address in DMAnlntAdr (i.e. DMACurrWPtr = DMAnlntAdr) it will generate an interrupt if the 
DMAnlntAdrMask bit in the DMAMask register is set. The purpose of the DMAnlntAdr register is to alert 
the CPU that data (such as a control message or a page or band header) has arrived that it needs to process. 
The interrupt routine servicing the DMA interrupt will change the DMAnlntAdr value to the next location 
that data of interest to the CPU will have arrived by. 

In the scenario shown in Figure 40 the CPU has determined (most likely as a result of a finished band 
interrupt) that the filled buffer space in (a) has been freed up and is therefore available to receive more 
data. The CPU therefore moves the DMAnMaxAdr to the end of the section that has been treed up and 
moves the DMAnlntAdr address to an appropriate offset from the DMAnMaxAdr address. The DMA man- 
ager continues to fill the free buffer space and when it reaches the address in DMAnTopAdr it wraps around 
to the address in DMAnBottomAdr and continues from there. DMA transfers will continue indefinitely in 
this fashion until the DMA manager reaches the address in the DMAnMaxAdr register 

The circular buffer is initialised by writing the top and bottom addresses to the DMAnTopAdr and DMAn- 
BottomAdr registers, writing the start address (which does not have to be the same as the DMAnBottomAdr 
even though it usually will be) to the DMAnCurrWPtr register and appropriate addresses to the DMAnln- 
tAdr and DMAnMaxAdr registers. The DMA operation will not commence until a 1 has been written to the 
relevant bit of the DMAChanEn register. 

While it is possible to modify the DMAnTopAdr and DMAnBottomAdr registers after the DMA has started 
it should be done with caution. The DMAnCurrWPtr register should not be written to while the 
DMAChannel is in operation. DMA operation may be stalled at any time by clearing the appropriate bit of 
the DMAChanEn register or by disabling an SCB mapping or IS! receive operation. 

12.8.2 DMA manager DRAM bandwidth requirements 

The DIU must guarantee the SCB enough bandwidth to ensure that neither a USB endpoint FIFO nor the 
ISI receive buffer can overrun. For example, to facilitate bursty 32 Mbit/s transfers a SoPEC with a 64- 
byte ISI receive buffer would need to be able to transfer 256 bits every 1280 cycles (@160 MHz). This is 
in addition to the USB transactions targeted at the ISIMaster SoPEC which may be in the region of 8-9 
Mbit/s. While USB has a backpressure mechanism SoPEC should strive to obtain optimum USB band- 
width utilization and so USB backpressuring should only be used as a last resort. The DIU currently guar- 
antees 50 Mbit/s to the SCB and more bandwidth will be available when other DIU requestors do not take 
their slots. This is sufficient for the SCB's requirements. 

12.8.3 DMA manager configuration registers 

All of the circular buffer registers are 256-bit word aligned as required by the DIU. The DMAnBottomAdr 
and DMAnTopAdr registers are inclusive i.e. the addresses contained in those registers form part of the cir- 
cular buffer.The DMAnCurrWPtr always points to the next location the DMA manager will write to so 
interrupts are generated whenever the DMA manager reaches the address in either the DMAnlntAdr or 
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DMAnMaxAdr registers rather than when it actually writes to these locations. It therefore cannot write to 
the location in the DMAnMaxAdr register. 



Table 39. DMA Manager Configuration Registers 




0x200 



DMAOBottomAdr 



17 



0x0.0000 




The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChannelO 



0x204 



DMAOTopAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
DMAChannelO 



0x206 



DMAOCurrWPtr 



17 



0x0_0000 



The 256-bit aligned DRAM address of the 
next location DMAChannelO will write to. This 
register is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 



0x20C 



DMAOfntAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
location that will trigger an interrupt when 
reached by DMAChannelO buffer. 



0x210 



DMAOMaxAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
last free location in the DMAChannelO circu- 
lar buffer. The DMAChannelO transfers will 
stop when H reaches this address. 



0x214 



DMAOSeqBtt 



0x0 



Sequence bit for DMAChannelO. This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet Is 
received. 



0x218 



DMAIBottomAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
bottom of the circular buffer serviced by 
DMAChannell 



0x21 C 



DMAlTopAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
top of the circular buffer serviced by 
DMAChannell 



0x220 



DMAICurrWPtr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
next location DMAChannell will write to. This 
register Is set by the CPU at the start of a 
DMA operation and dynamically updated by 
the DMA manager during the operation. 



0x224 



DMAUntAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
location that will trigger an interrupt when 
reached by DMAChannell buffer. ! 



0x228 



DMAIMaxAdr 



17 



0x0.0000 



The 256-bit aligned DRAM address of the 
last free location In the DMAChannell circu- 
lar buffer. The DMAChannell transfers win 
stop when it reaches this address. 



0x22C 



DMAISeqBit 



0x0 



Sequence bit for DMAChannell . This bit may 
be initialised by the CPU but is updated by 
the ISI each time an error-free long packet is 
received. 



0x230 



DMAChanEn 



0x0 



Enable DMA operation on a per channel 
basis. Active high. 

DMAChanEn[0]: Enable DMAChannelO 
DMAChanEn[1): Enable DMAChannell 
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Table 39. DMA Manager Configuration Registers 













0x234 


DMAStatus 


4 


0x0 


DMA status register. See section 12.8.3.1. 
This register is Readonly. 


0x238 


DMAMask 


4 


0x0 


DMA mask register. See section 12.8.3.2 



12.8.3.1 DMAStatus register 

The contents of the DMAStatus register are read-only to the CPU. The status bits are not sticky bits i.e. 
they reflect the 'live* status of the channel. Status bits may only be cleared by writing to the relevant 
DMAnlntAdr or DMAnMaxAdr register. 



Table 40. DMA Status Register 







DMAChannefOlntAdrHit 


0 


DMAChannelO has reached the address contained in the 
DMAOIntAdr register 


DMAChannelOMaxAdrHit 


1 


DMAChannelO has reached the address contained in the 
DMAOMaxAdr register 


DMAChannell IntAdrHit 


2 


DMAChannell has reached the address contained in the 
DMA llntAdf register 


DMAChannel 1 MaxAdrHit 


3 


DMAChannell has reached the address contained in the 
DMAlMaxAdr register 



12.8.3.2 DMAMask register 

All bits of the DMAMask are both readable and writable by the CPU. The DMA manager cannot alter the 
value of this register.AU interrupts are edge sensitive i.e the DMA manager will generate a dmajcujfrq 
pulse each time a status bit goes high and the corresponding mask bit is enabled. 



Table 41. DMA Manager Mask Register 











DMAChannefOJntAdrHitMask 


0 


1 = Generate an interrupt when the DMAChanneiOlntAdrHit status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOlntAdrHit 
status bit goes high 


DMAChartnelOMaxAdrHitMask 


1 


1 = Generate an interrupt when the DMAChannelOMaxAdrHit status 
bit goes high 

0 = Do not generate an interrupt when the DMAChannelOMaxAdrHit 
status bit goes high 


DMAChannell IntAdrHHMask 


2 


As per DMAChannetOlntAdrHltMask 


DMAChannel 1 MaxAdrHttMask 


3 


As per DMAChannelOMaxAdrHitMask 



12.9 SCB Implementation 

This section is still a work in progress - the information here should be ignored as it refers to an earlier ver- 
sion of the SCB 



Doc: SoPEC_hardware_design S3 Proprietary Document 29 Nov 2002 

Version: 2.3 Page 133 



SoPEC : Hardware Design 



dma^jcujrq 



usbLtx_en 



* usb_tx_dp 



* usflltx.dm 



usb_rx_rcv 
usb_rx~dr 



usfr_rx_di 
^ usS_isuJrq 



lreset_n 



teLflplo.doul 

* ■ 7^ 

teLflpio_dln 

; , ./h 

^ la_icu_irq 
fe^_cpr,reset_ n 





scb_diu_wreq 


• 


4 


diu_scb__wack 


— : — ► 


scb_diu_wvalid 




scb diu rreq 


— i — * 


« 


dru_scb_rack 


— ; — » 





cfiu_scb_rvalid 




scb_diir_wadr * ^ \ 
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Characteristics of the data channels: 

USB: Packets should be moved sequentially out of the endpoint FIFOs. The USB is the slowest compo- 
nent in the SCB but its bandwidth is most precious. However both the DMA and 1SI can transfer data (50 
and 40 Mbps respectively) much faster than the USB can receive data (12 Mbps peak rate) so no flow con- 
trol problems will occur due to a speed mismatch. If one of the DMA or IS1 data sinks becomes blocked or 
inactive then the USB controller will assert backpressure (by NAKing packets) when the double buffer for 
the associated endpoint is filled. Other endpoints will remain active in this scenario and the DMA and ISI 
will still be able to transfer data at their peak rates. The worst case scenario is when all endpoints have 
their double buffers filled (because all the data sinks had been blocked/disabled) and then all data sinks 
become available again. In this case the backlog will be fully cleared in 3 USB 64-byte packet times. 
ISI: The ISI can support simultaneous reception and n^nsmission of packets. ISI packets should be trans- 
ferred sequentially in either direction. The ISI is expected to handle the packet header and trailer, if any is 
used for error detection, in both directions i.e. only raw payload data is routed through the SCB map. 

DMA: The DMA channels are unidirectional but their direction, namely whether they are transferring 
data to or from DRAM, is programmable. Each DMA transaction to DRAM will be 256 bits wide but all 
256 bits are not always valid. When a transfer of less than 256 bits is required the DMA manager pads the 
remaining bits in the 256-bit word with zeroes, in the case of a write to DRAM, or discards the unnecces- 
sary bits in the case of a DRAM read Can we get by with single (256 bits each way or maybe even 256 
bits in all ?) buffering for the DRAM manager ? 
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J3 



dma_scbs_data 



usb_scbs_data 





scbs_dma_data 




<4— 


dma_scbs_cntrt , 


— ► 



DMA 

i/f 
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USB 

i/f 
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drna_din_valid 
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9- 
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Logic 



CPU 

Subsystem 
Interface 



Figure 41. SCB Switch block diagram 



SCB Switch pseudocode: 

const no_data_sinks =12 

for i = 1 to no_data_sinks 
if (i <= 2) then 

sink__data is dma_din 
sink_rdy is dma_din_r-dy 
sink_data_vaiid is dma_din_valid 
sink_id is dma_din_id 
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else 

sink_data is isi_tx_data 
sink_rdy is isi_tx_rdy 
sink_data_vaiid is isi_tx_data_valid 
sink_id is isi_tx_data_id 

if (data_src_reg(i) != 0) then // Each data sink has an associated data source 

// register. A non-zero value means the sink is enabled 
if <<data_src_reg[i] & OxFO) == 0x10) then // A USB endpoint is the data source 
if <(usb_ep_rdyt4] == 1) AND <usb_ep_rdy [3 : 0} == data_src_reg{ i J (3:0])) then 

// there is data waiting in the EP FIFO 
while <<usb_data_valid «== 1) AND <sink_rdy == 1) AND clocktick) 
sink_data = usb_rx_data 
sink_data_valid = 1 

if (1 <« 2) then // The sink is a DMAChannel 
sink_idtl] = 1 
sink_id(0J » i -1 
else // The sink is an ISI channel 
sink_id(5) = 1 
Sink_id[4:0] = i -1 
else // There is no data ready to go 
sink_data_valid = 0 

elsif <data_src_reg & OxFO) == 0x20) then // The ISI is the data source 

if <isi_data_rdy_id[3:0] == data_src_regC i ) [3 : 0] ) then // there is data waiting 

// in the ISI receive FIFO for this ISISubld 
while <Usi_rx_data_valid == 1) AND <sink_rdy & = l) AND clocktick) 
sink_data = isi_rx_data 
sink_data_ valid = 1 

if (i <= 2) then // The sink is a DMAChannel 
sink_id[l) = 1 
sink_id[0) » i -1 
else // The sink is an ISI channel 
sink_id(5] = 1 
sink_id[4:0] = i -3 
else // There is no data ready to go 
sink__data_valid «= 0 

elsif <data_src_reg & OxFO) « 0x30) then // The DMA is the data source 

if (dxna_dout_rdy_id[0) data_src_reg[i ] [0) ) then ff there is data waiting 

// in the relevant DMA buffer for this sink 
while ( <dnv»_dout_valid «= 1) AND (sink_rdy =» I) AND clocktick) 
sink_data = dma_dout 
sink_dota_valid = 1 

if (i <= 2) then // The sink is a DMA channel 
sink_id[l) « 1 
sink_id(0) » i -1 
else // The sink is an ISI channel 
sink_id[5J = 1 
sink_id(4:0] - i -3 
else // There is no data ready to go 
s in k_da t a_va lid = 0 

The above pseudocode has a few shortcomings, particularly if all our data buses are not the same size, but 
it shows the basic functionality the switch is supposed to offer The main loop of the pseudocode (for I = 1 
to no_data_sinks) dictates what happens within one timeslot The timeslots take as long as required to 
complete and loop around endlessly. The msb of the usb_ep_rdy[4:0), isi_data_rdyjd[5:0] and 
dma_dout_rdy_id[l :0] signals is used to indicate that data is available in the relevant block. 
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13 General Purpose IO (GPIO) 

13.1 Overview 

The General Purpose IO block (GPIO) is responsible for control and interfacing of GPIO pins to the rest of 
the SoPEC system. It provides easily programmable control logic to simplify control of GPIO functions. 
In all there are 14 GPIO pins of which certain pins have special functions, their functions are detailed as: 

• 4 Motor control lOs internally pulled down 

• 4 General purpose high drive pulsed IOs capable of driving LEDs, 

• 4 Open drain IOs used for LSS interfaces 

• 2 Normal drive IOs used for the ISI interface in Multi-SoPEC mode 

Each of the pins can be configured in either input or output mode, each pin is independently controlled A 
programmable de-glitching circuit exists for all input pins. Each input is a schmidt trigger to increase noise 
immunity should the input be used without the de-glitch circuit. The mapping of the above functions and 
their alternate use in a slave SoPEC to GPIO pins is shown in Table 42 below. 



Table 42. GPIO pin functionality 





atjaiiESiB? mmiwmmmmm 


gpio[3:0J 


Motor control pins / general purpose IO 


Qpk>r7:4) 


LEO driver pins / general purpose fO 


gpio[11:8] 


LSS Interface pins / general purpose IO 


gpfo[13:12) 


ISI Interface pins / general purpose IO 



13.2 MOTOR CONTROL 

The motor control pins can be directly controlled by the CPU or the motor control logic can be used to 
generate the phase pulses for the stepper motors. The controller consists of two central counters from 
which the control pins are derived. The central counters have several registers (see Table 44) used to con- 
figure the cycle period, the phase, the duty cycle, and counter granularity. 

There are two motor master counters (0 and 1) with identical features. The period of the master counters 
are defined by the Mo torMasterClkPeriod[l : 0] and MotorMasterClkSrc registers i.e. both master counters 
are derived from the same MotorMasterClkSrc. The MotorMasterClkSrc defines the timing pulses used by 
the master counters to determine the riming period. The MotorMasterClkSrc can select clock sources of 
1 us,l OOus, 10ms and pclk timing pulses. 

The MotorMosterClkPeriod[l:0] registers are set to the number of timing pulses required before the tim- 
ing period re-starts. Each master counter is set to the relevant MotorMasterClkPeriod value and counts 
down a unit each time a timing pulse is received. 

The master counters reset to MotorMasterClkPeriod value and count down. Once the value hits zero a new 
value is reloaded from the MotorMasterClkPeriod [1:0] registers. This ensures that no master clock glitch 
is generated when changing the clock period. 

Each of the IO pins for the motor controller are derived from the master counters. Each pin has indepen- 
dent configuration registers. The MotorMasterClkSelect[3:0] registers define which of the two master 
counters to use as the source for each motor control pin. The master counter value is compared with the 
configured MotorCtrlHigh and MotorCtrlLow registers. If the count is equal to MotorCtrlHigh value the 
motor control is set to 1, if the count is equal to MotorCtrlLow value the motor control pin is set to 0. 

This allows the phase and duty cycle of the motor control pins to be varied at pclk granularity. 
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The motor control generators can be paused at the end of a clock period by setting the MotorMasterClock- 
Enable register to zero. This allows the CPU to re-configure the motor controller without causing a glitch 
on the output pins. 



13.3 LED CONTROL 



LED lifetime and brightness can be improved and power consumption reduced by driving the LEDs with a 
pulsed rather than a DC signal. The source clock for each of the LED pins is a 7.8kHz (128us period) 
clock generated from the 1ns clock pulse from the Timers block. The LEDDutySelect registers are used to 
create a signal with the desired waveform. Unpulsed operation of the LED pins can be achieved by using 
CPU 10 direct control. By default the LED pins are controlled by the LED control logic. 



Master CJock 

LEDDutySelect =0 |~ 

LEDDutySelect =1 |~ 

LEDDutySelect =2 |~ 

LEDDutySelect =3 (~ 



LEDDutySelect =4 j 
LEDDutySelect «=5 J 
LEDDutySelect =6 



LEDDutySelect -7 



Figure 42. Duty Cycle Select 



13,4 LSS INTERFACE VIA GPIO 



In some SoPEC system configurations one or more of the LSS interfaces may not be used Unused LSS 
interface pins can be reused as general IO pins by configuring the CpuIOCtrl register. When a bit in the 
CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the pin is controlled 
by the LSS block. By default the LSS controls the GPIO pins 1 1 to 8. 

1 3.5 ISI INTERFACE VIA GPIO 

In Multi-SoPEC mode the SCB block (in particular the ISI sub-block) requires direct access to and from 
the gpio[12] and gpio[13] pins. Control of the ISI interface pins is determined by the CpuIOCtrl register. 
When a bit in the CpuIOCtrl is set the corresponding pin is controlled by the CPU registers, otherwise the 
pin is controlled by the ISI block directly. By default the pins are directly controlled by the ISI block. 
In single SoPEC systems the pins can be re-used by the GPIO. 

13.6 CPU GPIO CONTROL 

The CPU can assume direct control of any (or all) of the IO pins individually. On a per pin basis the CPU 
can turn on direct access to the pin by setting the CpuIOCtrl register. Once set the IO pin assumes the 
direction specified by the CpuIODirection register. When in output mode the value in register CpuIOOut 
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53 



will be directly reflected to the output driver. When in input mode the status of the input pin can be read in 
either the direct version or a de-glitched form, by reading CpulOIn and CpuIOInDeglitch respectively. 
When writing to the CpuIOOut register the top bits of the register (bits 29 to 16) are used to filter access to 
the lower bits (13 to 0). 

13.7 Programmable de-gutching logic 

Each IO pin can be filtered through a de-glitching logic circuit. The circuit can be configured to sample the 
IO pin for a predetermined time before concluding that a pin is in a particular state. The exact sampling 
length is configurable, but each GPIO pin must use one of two possible configured values (selected by 
DeGlitchSelecf). The sampling length is the same for both high and low states. The DeGlitchCouni is pro- 
grammed to the number of system time units that a state must be valid for before the state is passed on. 
The time units are selected by DeOlitchClkSel and can be one of lus,100us,10ms and pclk pulses. 
For example if DeGlitchCount is set to 10 and DeGlitchClkSel set to 3, then an input pin (one of gpio[IB 
to OJ) must consistently retain its value for 10 system clock cycles (pclk) before the input state will be 
propagated from CpulOIn to CpuIOInDeglitch. 

1 3.8 Interrupt generation 

Any of the GPIO pins can generate an interrupt from the raw or deglitched version of the input pin. There 
are 14 possible interrupt sources from the GPIO to the interrupt controller, one interrupt per input pin. The 
InterruptSrcSelect register determines whether the raw input or the deglitched version is used as the inter- 
rupt source. 

The interrupt type, masking and priority can be programmed in the interrupt controller. 

1 3.9 Frequency analyser 

The frequency analyser measures the duration between successive positive edges on an input pin and 
reports the last period measured (FreqAnaLastPeriod) and a running average period (FreqAnaAverage). 

The running average is updated each time a new positive edge is detected and is calculated by 
FreqAnaAverage = ( FreqAnaAverage 1 8 ) * 7 + FreqAnaLastPeriod 1 8. 

The analyser can be used with any input pin (or its deglitched form), but only one pin at a time can be 
selected. The pin is selected by the FreqAnaPinSelect and its deglitched form can be selected by 
FreqAnaPinFormSelect. 
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13.10 Implementation 

13.10.1 Definitions of I/O 



Table 43. I/O definition 







wssmwmBKBBiBaBi 


Clocks and Resets 


pcik 


1 


In 


System Clock 


prst_n 


i 


In 


System reset, synchronous active low 


tim_pulse[2:0] 


3 


In 


Timers Wock generated timing pulses. 

0 - 1 jxs pulse 

1 - 100 us pulse 

2 -10 ms pulse ! 


CPU Interface 


cpu_addr[7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor this block 


cpu_dataout{31 :0) 


32 


In 


Shared write data bus from the CPU 


gpio_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_<jpio_sel 


1 


In 


Block select from the CPU. When cpu_gpio_sel is high both 
cpu_addrar\d cpu_dataout are valid 


gpio_cpu_rdy 


1 


Out 


Ready signal to the CPU. When gpiojcpu_rdy\s high it indi- 
cates the last cycle of the access. For a write cycle this means 
cpu_dataout has been registered by the GPIO block and tor a 
read cycle this means the data on gpiojcpu_data is valid. 


gpto_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


gpio_cpu_debiig_vaIid 


1 


Out 


Debug Data valid on gpto_cpu_data bus. Active high 


cpu_acode[1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


IO Pins 


gplo_o{13:0) 


14 


Out 


General purpose IO output to IO driver 


QploJ[13K)J 


14 


In 


General purpose IO Input from IO receiver 


gpio_e[13:0] 


14 


Out 


General purpose IO output control. Active high driving 


GPIOto LSS 


lss_gpio_dc{1 :0] 


2 


In 


LSS bus data output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


gpiojss_di[1:0] 


2 


Out 


LSS bus data Input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_e[1:0] 


2 


In 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpk>_clk[1:0] 


2 


In 


LSS bus dock output 
BitO-LSSbusO 
Bit 1 - LSS bus 1 


GPIO to ISI 
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Table 43. I/O definition 











gplo_isi_din[1:0] 


2 


Out 


Input data from 10 receivers to ISI. 


isl_gpk)_doutJ1.-0] 


2 


In 


Data output from ISI to IO drivers 


«sLfipio_e[1:0} 


2 


In 


GPJO ISI pins output enable (active high) from ISI Interface 


Interrupts 


gpk>_icujrq[13:0] j 14 


Out 


GPIO pin interrupts 


Debug 


debug_data_qutf 1 6:3] 


14 


In 


Output debug data to be muxed on to the GPIO pins 


debug_cntri[16:3] 


14 


In | 


Control signal for each GPIO bound debug data line indicating 
whether or not the debug data should be selected by the pin 
mux 



13.10.2 Configuration registers 

The configuration registers in the GPIO are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70 for a description of the protocol and timing diagrams for reading and writing registers in the 
GPIO. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the GPIO. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of gpio_pcu_data. Table 44 lists the configuration registers in the GPIO block 



Table 44. GPIO Register Definition 





fPlPIIPI 


EH 


fell 




CPU IO Control 


0x00 


CpulOCtri 


14 


0x0000 


Indicates whether each IO pin is directfy control- 
led by the CPU or not 

0 - Default Control 

1 - CPU Control 


0x04 


CpulOUserModeMask 


14 


0x0000 


User Mode Access Mask to CPU GPIO control 
register. When 1 user access Is enabled. One 
bit per gpio pin. Enables access to CpufODirec- 
tion, CpvlOOuU CpulOtn and CpulOtnOegtitch 
in user mode if CpufOCtrl allows CPU access. 


0x08 


CpulOSuperModeMask 


14 


0x3FFF 


Supervisor Mode Access Mask to CPU GPIO 
control register. When 1 supervisor access Is 
enabled. One bit per gpio pin. Enables access to 
CputODirection, CpulOOut, CpulOtn and Cpi//- 
OlnDegiitch in supervisor mode if CpufOCtrl 
allows CPU access. 


OxOC 


CputODirection 


14 


0x0000 


Indicates the direction of each IO pin, when con- 
trolled by the CPU 

0 - Indicates Input Mode 

1 - Indicates Output Mode 
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Table 44. GPIO Register Definition 







HE 


PIP 




0x10 


CpulOOut 








30 


0x0000 
_0000 


Value used to drive output pin in CPU direct 
mode. 

bitsl 3:0 - Value to dnve on output GPIO pins 
bits 15:14 - Reserved, (Read as zero always) 
bits 29:1 6 - Write enable mask for bitsl 3:0, 0 
enables write, 1 masks the write. (Read as zero 
always) 


0x14 


CpuJOIn 


14 


Exter- 
nal pin 
value 


Value received on each input pin regardless of 
mode. Read Only register. 


0x18 


CpulOtnDeglitch 


14 


0x0000 . 


Deglitched version of CpulOln register. Note 
that after reset this register will reflect the exter- 
nal pin values 256 pctfr cycles after they have 
stabilized. Read Only register. 


Degiitch contn 




0x20-024 


DeGlitchCount[l:0] 


2x6 


OxFF 


De-glitch circuit sample count in DeGlitchClkSrc 
selected units for pins gpfo[13:0J ! 


0x28-2C 


OeGlitchClkSrc[1:0] 


2x2 


0x3 


Specifies the unit use of the GPIO degiitch cir- 
cuits: 

0 - 1 us pulse 

1 - 100 us pulse 

2- 10 ms pulse 

3- pdk 


0x30 


DeGlitchSeiect 


14 


0x000 


Specifies which degiitch count (DeGiitchCount) 
and unit select (DeGlitchClkSrc) should be used 
to degiitch each GPIO pin 

0 - Specifies DeGlitchCountfO] and DeGUtchCtk- 
Sfc(0] 

1 - Specifies DeGlitchCountfl) and DeGlitchCtk- 
Src[1) 


Motor Control 




0x34 


MotorCtrlUserModeEnabfe 


1 


0x0 


User Mode Access enable to Motor control con- 
figuration registers. When 1 user access Is ena- 
bled. 

Enables user access to MotorMasterClkPeriod, 
MotorMasterCtkSrc, MotorDutySeteci. Motor- 
PhaseSelect, MotorMasterCfockEnabte and 
MotorMasterCtkSetect registers 


0x38 to 0x3C 


MotorMasterClkPerk>d[1 :0J 


2x16 


0x0000 


Specifies the motor controller master dock peri- 
ods in MotorMasterCtkSrc selected units 


0x40 


MotorMasterClkSrc 


2 


0x0 


Specifies the unit use by the motor controller 
master dock generator: 

0 - 1 us pulse 

1 - 100 its pulse 

2 - 10 ms pulse 
3-pcffc 


0x44 to 0x50 


MotorCtr!High[3:0] 


4x16 


0x0000 


Specifies the low to high transition point in the 
dock period lor each motor control pin. 


0x54 to 0x60 


MotorCtrlLow[3;0] 


4x16 


OxFFFF 


Specifies the high to low transition point in the 
dock period for each motor control pin. 
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Pffi3rljggft 










0x64 to 0x70 


MotorMasterClkSelect[3:0] 


4x1 


0x0 


Specifies which motor master clock should be 
used as a pin generator source 

0 - Clock derived from MotorMasterCtockPa- 
riod[0] 

1 -Clock derived from MotorMasterCtockPe- 
riod[1] 


0x74 


MotorMasterClockEnaWe 


2 


0x0 


Enable the motor master clock counter. When 1 
count is enabled 

Bit 0 - Enable motor master clock 0 
Bit 1 - Enable motor master dock 1 


LED control 


0x78 


LEDCtriUserModeEnable 


4 


0x0 


User Mode Access enable to LED control con- 
figuration registers. When 1 user access is ena- 
bled. 

One bit per LEDDutySeiect select register. 


0x7C to 0x88 


LEDDutySelect(3:0] 


4x3 


0x0 


Specifies the duty cycle for each LED pin. See 
Figure 42 for encoding details. The LEDDutySe- 
fect(3:0) registers determine the duty cycle of 
the gpio[7:4J pins 


Frequency Analyser 


0x8C 


FreqAnaPinSelect 


4 


0x00 


Selects which GPIO input should be used for the 
frequency analyses. 


0x90 


Freq AnaPlnFormSel act 


1 


0x0 


Selects if the frequency analyser should use the 
raw input or the deglrtched form. 

0 - Degfitched form of input pin 

1 - Raw form of input pin 


0x94 


FreqAnaLastPeriod 


16 


0x0000 


Frequency Analyser last period of selected Input 
pin. 


0x98 


FreqAnaAverage 


16 


0x0000 


Frequency Analyser average period of selected 
input pin. 


0x9C 


FreqAnaCounttnc 


20 


0x0000 
0 


Frequency Analyser counter increment amount 
For each clock cycle no edge is detected on the 
selected input pin the accumlator Is incremented 
by this amount. 


Miscellaneous 


OxAO 


InterruptSfcSelect 


14 


0x000 


Interrupt source select 1 bit per GPIO pin. 
Determines whether the interrupt source is 
direct form the input pin or the deglrtched ver- 
sion 

1 - Input pin direct 

0 • Oeglitched Input pin 


0xA4 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of 
the register to report on the gpio_cpu_data bus 
when It Is not otherwise being used. 


0xA8-0xAC 


MotorMasterCount 


2x16 


0x0000 


Motor master clock counter values. 

Bus 0 - Master dock count 0 

Bus 1 - Master dock count 1 

Read Only registers i 
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13. 10.2.1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the GPIO will issue a bus error byasserting the gpio_cpuJberr signal. 

Access to the CpuIO Direction, CpulOOut, CpuIOIn and CpuIOInDeglitch is filtered by the CpuIOUser- 
ModeMask and CpuIOSuperModeMask registers. Each bit masks access to the corresponding bits in the 
CpuIO* registers for each mode, with CpuIOUserModeMask filtering user data mode access and CpuIO- 
SuperModeMask filtering supervisor data mode access. 

The addition of the CpuIOSuperModeMask register helps prevent potential conflicts between user and 
supervisor code read modify write operations. For example a conflict could exist if the user code is inter- 
rupted during a read modify write operation by a supervisor ISR which also modifies the CpuIO* registers. 

An attempt to write to a disabled bit in user or supervisor mode will be ignored, and an attempt to read a 
disabled bit returns zero. If there are no user mode enabled bits then access is not allowed in user mode 
and a bus error will result Similarly for supervisor mode. 

When writing to the CpulOOut register, bits 29 to 16 are used to mask the write to the CpulOOut [1 3:0]. If 
the mask bit is zero the write is active to corresponding CpulOOut pin, otherwise the write to that pin is 
ignored. 

The pseudocode for determining access to the CpuIODirection register is shown below. Similar code could 
be shown for the CpulOOut, CpuIOIn and CpuIOInDeglitch registers, 
if <cpu_acode == SUPER VI SOR_D ATA^_MODE ) then 
/ / supervisor mode 

if (CpuIOSuperModeMask [ 13 :0] *= 0 ) then 

// Access is denied, and bus error 

gp i o_cpu_b e rr = 1 
els if ( cpu_rwn 1) then 

// read mode 

gpio_cpu_data(13:0) - < CpulOOut [13 :0) & CpuIOSuperModeMask 1 13 : 0] ) 
else 

// write mode, filtered by mask! 

mask (13:0) = - (cpu_dataout [29 : 16) ) & CpuIOSuperModeMask [ 13 : 0) 

CpulOOut [13:0] = (( cpu_dataout [13:0 J & mask [13:0) ) | 
( CpulOOut [13:0] 6 -<mask[13:0)]))J 

elsif (cpu_acode «» US ER__DATA__MODE ) then 
// user datamode 

if (CpuIOUserModeMask (13:0) == 0 i then 

// access is denied, and bus error 

gp i o_cpu_ber r = 1 
elsif (cpu_rwn == 1) then 

// read mode, filtered by mask 

gpio_cpu_data = ( CpulOOut [13:0] & CpuIOUserModeMask [13:0]) 
else 

// write mode, filtered by mask 

mask[13:0] = - (cpu_dataout [29 : 16) ) & CpuIOUserModeMask ( 13 :0] 

CpulOOut [13:0) = (< cpu_dataout(13:0] & mask(13:0] ) | 
( CpulOOut [ 13:0) & -<mask[13:0)]))) 

else 

// access is denied, bus error 
gp i o_cpu_berr = 1 
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Table 45 details the access modes allowed for registers in the GPIO block. In supervisor mode all registers 
are accessible. In user mode forbidden accesses will result in a bus error (jgpio_cpu_berr asserted). 



Table 45. GPIO supervisor and user access modes 













0x00 


CpulOCtrl 


Supervisor data mode only 




0x04 


CpulOUserModeMask 


Supervisor data mode only 




0x08 


CpulOSuperModeMask 


Supervisor data mode only 




OxOC 


CpulODirection 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x10 


CpulOOut 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x14 


CpulOln 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x18 


CpulOlnDeQUtch 


CpulOUserModeMask and CpulOSuperModeMask filtered 




0x20-024 


DeGfitchCountflrO) 


Supervisor data mode only 




0x28-2C 


DeGlrtehClkSrcl1:0] 


Supervisor data mode only 




0x30 


DeGOtchSelect 


Supervisor data mode only 


1 


0x34 


MotofCtrtUserModeEnable 


Supervisor data mode only 


1 


0x38 to 0X3C 


MotorMasterClkPeriod[1 :0] 


MotorCtriUserModeEnabie enabled 


1 


0x40 


MotorMasterOkSrc 


MotorCtriUserMode Enable enabled 




0x44 to 0x50 


MotorCtrlHigh[3:0] 


MotorCtriUserModeEnabie enabled 




0x54 to 0x60 | 


MotorCtriLow[3:0] 


MotorCtriUserModeEnabie enabled 


1 


0x64 to 0x70 


MotorMasterClkSelectt3:0] 


MotorCtriUserModeEnabie enabled 


1 


0x74 


MotorMasterCtockEnable 


MotorCtriUserModeEnabie enabled 




0x78 


LEDCtrtUserModeEnabfe 


Supervisor data mode only 




0x80 I 


LEDDutySelectfO] 


LEDCtr1UserModeEnable[0} enabled 




0x64 


LEDOutySelect[1] 


LEDCtriUserModeEnab!e[1] enabled 




0x74 


LEDDutySe1ect(2} 


LEDCtrlUserModeEnable[2) enabled 




0x88 


LEDDutySelec1(3] 


LEDCtriUserModeEnab(e[3] enabled 




0x8C 


FreqAnaPinSeiect 


Supervisor data mode only 


1 


0x90 


FreqAnaRnFormSelect 


Supervisor data mode only 




0x94 


FreqAnaLastPoriod 


Supervisor data mode only 




0x98 


FreqAnaAverage 


Supervisor data mode only 




0x9C 


FreqAnaCountlnc 


Supervisor data mode only 


1 


OxAO 


InterruptSrcSelect 


Supervisor data mode only 


1 


0xA4 


DebugSelect 


Supervisor data mode only 


1 


0xA8-0xAC 


MotorMasterCount 


Supervisor data mode only 
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13.10.3 GPIO partition 
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Figure 43. GPIO partition 



13.10.4 IO control 

The IO control block connects the IO pin drivers to internal signalling based on configured setup registers 
and debug control signals. 

The motor, LED pins, ISI and LSS control logic: 
// motor and led pins 
for <i=0; i<14 ; i++) { 

if (debug_cntrl [i] == 1) then 
gpio_e(iJ a 1 

gpio_o ( i ] a debug_da ta_out ( i ) 
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cpu_io_in(i) = gpio_iti] 
if (cpu_io_ctrl[i] == 1) then 

gpio_e(i] = cpu_io_dir [ i] 

gpio_o [ i ] = cpu_io_out f i ] 

cpu_io_in[i} *= gpio_i[i} 
else 

// default control 

if ( i < 4 > then // motor control pins 

gpio_e(lJ c 1 

gpio_o[i] - motor_ctrl (ij 

cpu_io_in[i] = gpio_i(i] 
elsif ( i < 8 ) then // LED pins 

gpio„e(i J a 1 

gpio_o[i) = led_ctrl[i) 

cpu_io_in[i] = gpio_i[i) 
elsif (i < 10) then // LSS interface clock pins 

gpio__e(i} = 1 

gpio_o[i] - lss_gpio_clk[i-8] 

cpu_io_inti] = gpio_i(i] 
elsif (i < 12) then // LSS interface data pins 

gpio_e[i] = lss_gpio_e [i-10] 

gpio_o[i] - lss^gpio__do(i-10] 

lss_gpio_di(i-10] = gpio_i(i] 
else // ISI interface* pins 

gpio_e[i] * isi_gpio_e Ci-12 J 

gpio_o[i] » isi_gpio_doutfi-12] 

isi_gpio_din[i-12] = gpio_i(i] 

) 

13.10.5 LED pulse generator 

The pulse generator logic consists of a 7-bit counter that is incremented on a ljis pulse from the rimers 
block (tim_pulse[0J). The LED control signal is generated from comparing the count value with the con- 
figured duty cycle for the LED (ledjduty _fef). 

The logic is given by: 

for (i=0 i<4 ;i++) ( // for each LED pin 
// period divided into 8 segments 
period_di v8 = cnt [6:41; 

if (period_div8 <= ledLduty_sel [i] ) then 

lecUctrlli] = l 
else 

led_ctrl(ij = 0 
// in higher half invert the led control 
if <cnt[6J »• 1) then 

led_ctrl[i] * - led_ctrlfij 

) 

// update the counter every lus pulse 
if (tim_pulse{0) 1) then 
cnt ++ . 

13.10.6 Motor control 

The motor controller consists of 2 counters, and 4 phase generator logic blocks, one per motor control pin. 
The counters decrement each time a timing pulse (cnt_en) is received. The counters start the configured 
clock period value {motor _ma$_clk_j?eriod) and decrement to zero. If the counters are enabled (via 
motor_mas_clkjsnable) t the counters will automatically restart at the configured clock period value, oth- 
erwise they will wait until the counters are re-enabled. 
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The timing pulse period is one of pclk, lus, IOOjxs, 1ms depending on the motor _masjclkjsel signal. The 
counters are used to derive the phase and duty cycle of the of each motor control pin. 
// decrement logic 
if (cnt_en as i) then 

if ( (mas_cnt == 0) AND (motor_mas_clJc_enable == 1)) then 

mas_cnt = motor_raas_cl)c_period[15 ; OJ 
elsif ( (mas_cnt es 0) AND (motor_mas_cl)c_enable r- 0)) then 

mas_cnt = 0 
else 

mas^cnt 
else // hold the value 
mas_cnt = mas_cnt 



motor 



_mas_dk_src 

tim_pulse{0]- ^ 
tinuxitee{i]- 
tim_putse(2J- 
1- 



motor_mas - dk_periotf(OJ 
rootor_mas_dk_enaote{oj 




motof_ctrl 



motor_mas_c0<_period{1 ) y » 
motor_mas_dk_enable( 1 ) 



motOf_mas_count 



Figure 44. Motor control RTL diagram 

The phase generator block generates the motor control logic based on the selected clock generator 
(motor_mas_clkjse!) the motor control high transition point (motor_ctrl_high) and the motor control low 
transition point (motor _ctrl_low). There are 4 instances one per motor control pin. 

The logic is given by: 

/ / select the input counter to use 
if <motor_jnas_clk_sel == 1) then 

count = mas_cnt CI] 
else 

count « mas_cntI0) 
/ / Generate the phase and duty cycle 

if ( (motoric trl == 1 ) AND (count ~~ motor_ctrl_low) ) then 
motor_ctrl « 0 

elsif ( (motor.ctrl 0) AND (count == motor_ctrl_high) ) then 

motor_ctrl = 1 
else 

motor_ctrl = motor_ctrl // remain the same 
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13.10.7 Input deglitch 

The input deglitch logic rejects input states of duration less than the configured number of time units 
(deglitch_cnt\ input states of greater duration are reflected on the output cpujojnjleglitch. The time 
units used (eitherpc/*, 1 us, lOOus, 1 ms) by the deglitch circuit is selected by the deglitch_clk_src bus. 

There are 2 possible sets of deglitchjznt and deglitch_clkjsrc that can be used to deglitch the input pins. 
The values used are selected by the deglitch^sel signal. 

Each input pin can be used to generate an interrupt. The interrupt can be generated from the raw input sig- 
nal or a deglitched version of the input The interrupt source is selected by the interrupt^srcjselect signal. 
The counter logic is given by 

if ( cpu_io_in 1= cpu_io_in_delay) then 

cnt = degli tclx.cn t 

output_en = 0 
elsif (cnt o > then 

cnt « cnt 

output_en s 1 
elsif (cnt_en <== l) then 

cnt -- 

output_en = 0 



tZm_pulse[0] 
tim_pulse(1| 
tfm_pu!se[2] 
1 



degfoch_c*K_seSOJ 
deglitched k_se^l J 

degfitch_cnt(0] 
degllteh_cntjl] 
degfitch_seJ 




>■ cpu_to_ln_deglltch 



n 



Figure 45. Input de-glitch RTL diagram 



13.10.8 Frequency Analyser 

The frequency analyzer block monitors a selected input pin (selected by FreqAnaPinSelect and FreqAnaP- 
inFormSe!) and detects positive edges. Between successive positive edges detected on the input pin it 
increments a counter by a programmed amount (FreqAnaCountfnc) on each clock cycle. When a positive 
edge is detected the FreqAnaLastPeriod register is updated with the top 16 bits of the counter and the 
counter is reset. The frequency analyser also maintains a running average of the FreqAnaLastPeriod regis- 
ter. Each time a positve edge is detected on the input pin the FreqAnaAverage register is updated with the 
new calculated FreqAnaLastPeriod, The average is calculated as 7/8 the current value plus 1/8 of the new 
value. Both the FreqAnaLastPeriod and FreqAnaAverage registers can be written to by the CPU. 
The pseudocode is given by 

if (<pin 1) AND pin_delay «0 > ) then // positive edge detected 
freg__ana_lastperiod = count [31: 16] 

freq_ana_average = f req_ana_average - f reo_ana_average/8 + f req_ana_lastperiod/8 
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count = 0 
else 

count - count + freq_ana_count_inc 
// implement the configuration register write 
if (wr_last_en == 1) then 

f req_ana_lastperiod = wr_data 
elsif (wr_average_en == 1 ) then 

f req_ana_average » wr_data 



cpuJoJn(1*3: 



freq_ana„pin_tonn_s8l 
freq_ana_pln_se*{3:0] 



14 , Bin * 

^-^Tl u h | r— — , * 
:0] _^ J J 



wr_data(1S.-0l 
wr_last_en 



freq_ana_counUrtc — 



Analyser Logic 



3- 



te 



0^ 



freq_ana_last_period( 15.-0] 



16 



u3 saffll 



froci_ana_average[15:0] 



32 



n 



Figure 46. Frequency analyser RTL diagram 
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14 Interrupt Controller Unit (ICU) 

The interrupt controller accepts up to N input interrupt sources, determines their priority, arbitrates based 
on the highest priority and generates an interrupt request to the CPU. The ICU complies with the interrupt 
acknowledge protocol of the CPU. Once the CPU accepts an interrupt (i.e. processing of its service routine 
begins) the interrupt controller will assert the next arbitrated interrupt if one is pending. 

Each interrupt source has a fixed vector number N, and an associated configuration register, IntRegfNJ. 
The format otthe IntReg[N] register is shown in Table 46 below. 



Table 46. IntRegfNj register format 





1111 




r-nurny 


7:o 


I Interrupt priority 


Type 


9:8 


Determines the triggering conditions for the interrupt 

00 - Positive edge 
10- Negative edge 

01 - Positive level 
11 - Negative level 


Mask 


10 


Mask bit. 

1 - Interrupts from this source are enabled, 
0 - Interrupts from this source are disabled. 

Note that there may be additional masks in operation at the source of the 
interrupt. 


Reserved 


31:11 


Reserved. Write as 0. 



r . „ — „„^„ .mui Upl touiroucr aeiermmes tne priority and maps the programmed nri- 

onty to the available CPU priority levels, and then issues an interrupt to the CPU. The mapping of pro- 
grammed priority to native interrupt levels will be fixed, and is dependent oh CPU choice. 
For example for the LEON CPU there are 1 5 levels available which would allow 16 sub-priorities per level 
(as each level is in itself a priority). In this case priorities 255-240 map to level 15, 240-224 to level 14 and 
so on, with priorities 15-0 corresponding to level 0. Level 0 is no interrupt Level 15 is the highest interrupt 



14.1 Interrupt preemption 



nJSTh^r 7 P "° f P5r cmptlon P 0SSlb,e: standard LEON Preemption and SoPEC pending pre-emp- 
tion. Witi, standard LEON pre-emption an interrupt can only be pre-empted by an interrupt with a higher 
priority level. If an interrupt with the same priority level (1 to 1 5) as the interrupt being serviced becomes 
pending then it 1S not acknowledged until the current service routine has completed. The SoPEC pendine 

nW^ P . t, ° n , ,S aa u CX ! Cn i i0n ^ f me Standard LEON scheme which is m *de possible by the programmable 
priority levels in the IntRegfN] register. 

Interrupts with a higher sub-priority will pre-empt interrupts with a lower sub-priority but the same prior- 
ity level mapping, if the interrupt has not been acknowledged by the CPU i.e. it is still pending If an inter- 
rupt with a higher sub-priority arrives while an interrupt with a lower sub-priority at the same level is 
being serviced then it will not be serviced until the lower sub-priority service routine has completed. 
Thus when pre-emption is required, interrupts should be programmed to different levels as interrupt prior- 
ities of the same level have no guaranteed servicing order. 

The interrupt is directly acknowledged by the CPU and the ICU automatically clears the pending bit of 
acknowledged interrupts. ^ * 
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All interrupt controller registers are only accessible in supervisor data mode. If the user code wishes to 
mask an interrupt it must request this from the supervisor and the supervisor software will resolve user 
access levels. 

14.2 Interrupt sources 

The mapping of interrupt sources to interrupt vectors (and therefore IntRegfNJ registers) is shown in 
Table 47 below. Please refer to the appropriate section of this specification for more details of the interrupt 
sources. 



Table 47. Interrupt sources vector table 



mm® 




ilW»iWiWlf 


0 


Timers 


Watch Dog Timer Update request 


1 


Timers 


Generic Timer 1 interrupt 


2 


Timers 


Generic Timer 2 interrupt 


3 


Timers 


Generic Timer 3 interrupt 


4-17 


GPIO 


GPIO general Interrupt, source pin 0-13 


18 


MMU 


MMU Security violation 


19 


SCB 


USB interrupt 


20 


SCB 


ISI interrupt 


21 


SCB 


DMA interrupt 


22 


LSS 


LSS interrupt, LSS interface 0 interrupt request 


23 


LSS 


LSS interrupt, LSS interface 1 interrupt request 


24 


PCU 


PEP Sub-system interrupt- CDU finished band 


25 


PCU 


PEP Sub-system Interrupt- CDU error 


26 


PCU 


PEP Sub-system Interrupt- LBD finished band 


27 


PCU 


PEP Sub-system Interrupt- TE finished band 


26 


PCU 


PEP Sub-system Interrupt- PCU finished band 


29 


PCU 


PEP Sub-system interrupt- PCU invalid address interrupt 


30 


PCU 


PEP Sub-system Interrupt- PHI Buffer underrun 


31 


PCU 


PEP Sub-system Interrupt- PHI Page finished 


32 


PCU 


PEP Sub-system Interrupt- PHI Print ready 


33 


PHI 


PEP Sub-system Interrupt- PHI Line Sync Interrupt 
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14.3 Implementation 

14.3.1 Definitions of I/O 



Table 48. Interrupt Controller Unit I/O definition 









Clocks and Resets 


pcfk 


1 


In 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_adr{7:2] 


6 


In 


CPU address bus. Only 6 bits are required to decode the 
address space tor the ICU block 


cpu_dataout{3l^)3 


32 


In 


Shared write data bus from the CPU 


teu-cpu_data(31^)3 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpujcu_sel 


1 


In 


Block select from the CPU. When cpt/Jeu_se/is high both 
cpi/_ao*r and cpu_dataout are valid 


tcu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When tcu_cpu_rdy\s high it Indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the ICU block 
and for a read cycle this means the data on icu_cpu_data Is 
valid. 


icu_cpuJ1evel[3:0] 


4 


Out 


Indicates the priority level of the current active Interrupt. 


cpu_iack 


1 


Out 


Interrupt request acknowledge from the LEON core. 


cpujcu_jlevel[3:0] 


4 


In 


Interrupt acknowledged level from the LEON core 


icu_cpu_berr 


1 


Out 


Bus error signal to the CPU Indicating an invalid access. 


cpu_acocte(1:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11- Supervisor data access 


teu_cpu_debug_valid 




Out 


Debug Data valid on icu_cpujdata bus. Active high 


Interrupts 


tim_icu_wdjrq 




In 


Watchdog timer Interrupt signal from the Timers block 


timJcu_irqf2:0J 




In 


Generic timer interrupt signals from the Timers block 


gpto_icu_irq[1 3:0J 


14 


In 


GPIO pin Interrupts 


mmu_Jcu_irq 




In 


Memory Management Unit interrupt 


usb_jcujrq 




In 


USB interrupt from the SCB 


isijcu_irq 




In 


ISI interrupt from the SCB 


dma_icu_irq 




In 


DMA interrupt from the SCB 


iss_icujrq(1 :0J 




In 


LSS interface interrupt request 


cdu_finishedband 




In 


Finished band interrupt request from the CDU 


cdujcujpegerror 




In 


JPEG error interrupt from the CDU 


lbd_finishedband i 




In 


Finished band interrupt request from the LBD j 


te_finishedband 




In 


Finished band interrupt request from the TE 


pcu_finishedband 




In 


Finished band interrupt request from the PCU 


pcujcu.addressjnvaltd 




In 


Invalid address interrupt request from the PCU 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



22 Nov 2002 
Page 1 54 




SoPEC : Hardware Design 



Table 48. Interrupt Controller Unit I/O definition 







111 




phi_icu_underrun 


1 


fn 


Buffer underrun interrupt request from the PHI 


phijcu_page_fmish 


1 


In 


Page finished interrupt request from the PHI 


phi_icu_print_rdy 


1 


fn 


Print ready interrupt request from the PHI 


phLicuJinesyncJnt 


1 


In 


Line sync interrupt request from the PHI 



14.3.2 Configuration registers 

The configuration registers in the ICU are programmed via the CPU interface. Refer to section 1 1.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the ICU. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the ICU. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of icu_pcujiata. Table 49 lists the configuration registers in the ICU block. 

The ICU block will only allow supervisor data mode accesses (i.e. cpujacode[l:0] = 
SUPERVISOR_DATA). All other accesses will result in icu^cpujberr being asserted 



Table 49. ICU Register Map 



1 


mm 


wmm 


M 


is) 




0x00 - 0x84 


mtfteg[33:0] 


34x11 


0x000 


Interrupt vector configuration register 


1 


0x88-0x8C 


IntClearfliO] 


2X32 


0x0000 
_0000 


Interrupt pending clear register. If written with a one 
it clears corresponding interrupt 
IntClearfO] - Interrupts sources 31 to 0 
IntCtearfl] * Interrupts source 33 to 32 


1 


0x90-0x94 


!ntPending[1:0] 


2x32 


0x0000 
_0000 


Interrupt pending register. (Read Only) 
IntPendtngfO] - Interrupts sources 31 to 0 
lntPendtng{1] - Interrupts source 33 to 32 


1 


0x98 


IntSource 


6 


0x00 


Indicates the interrupt source of the current winning 
active interrupt. (Read Only) 




0x9C 


DebugSelect 


6 


0x00 


Debug address select Indicates the address of the 
register to report on the (cu_cpu_data bus when it 
is not otherwise being used. 
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14.3.3 ICU partition 



timjcu_wd irq * 
tlmjcujrq|2:0] ■ 
gpio_fciUrq[i3:0] 
mmujcujrq • 
usbjcujrq < 
isUcuJrq - 
dmajcujrq • 
IssJcuJrqpjO] • 

Ibdjinisheciband • 
tejinishedband - 
pcu.firoshedband « 
pcu_icu_addres3_invalld - 
phijcu _page_flnish - 
phijcu_print_fdy - 
phUcu_undemin - 
pW_kx>_linesyncjrtt - 



x34 



Interrupt 
detect 



34x12 



int active ; 



cpujrrt_ctear 



Configuration 
registers 



T3 

i 



CPU 



Interrupt 
arbiter 



Interrupt 
controller 



/a 



/a 



Figure 47. ICU partition 



14.3.4 Interrupt detect 



The ICU contains multiple instances of the interrupt detect block, one per interrupt source. The interrupt 
detect block examines the interrupt source signal, and determines whether it should generate request pend- 
ing (int^pend) based on the configured interrupt type and the interrupt source conditions. If the interrupt is 
not masked the interrupt will be reflected to the interrupt arbiter via the interactive signal. Once an interrupt 
is pending it remains pending until the interrupt is accepted by the CPU or it is level sensitive and gets 
removed. Masking a pending interrupt has the effect of removing the interrupt from arbitration but the 
interrupt will still remain pending. 

When the CPU accepts the interrupt (using the normal ISR mechanism), the interrupt controller automati- 
cally generates an interrupt clear for that interrupt source (cpujmtjclear). Alternatively if the interrupt is 
masked, the CPU can determine pending interrupts by polling the IntPending registers. Any active pending 
interrupts can be cleared by the CPU without using an ISR via the IntClear registers. 

The logic is shown below: 
mask = int_config[10] 

type = int_conf ig[9 : 8 ] 

int_jpriority = int_conf ig[7 : OJ 
int_pend = last_int_pend 

// update the pending FF 

if (<int_clear == 1 )OR (cpu_int_clear==l) ) then 

intjend « 0 
// test for interrupt condition 

if ((type NEG_ LEVEL ) AND (int.src == 0) then 



// the last pending interrupt 
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int_pend = 1 
elsif ((type *= POS_LEVEL) AND (int_src == 1) 
int_pend = X 

elsif ((type »= NEG_EDGE > AND ( int_src == l) AND (last_int_src «= 0)) 
int_pend = 1 

elsif ((type = * P0S_EDGE ) AND (int_src == 0) AND (last_int_src 1>) 

int_pend = 1 
else 

int_pend = last_int_src // stay the same as before 
// mask the pending bit 
if (mask 1) then 

int_active a int_pend 
else 

int_active = 0 
// assign the registers 
last_int_src = int_src 
last_int_pend = int_pend 



SI 



1 4.3.5 Interrupt arbiter 



) 

14.3.6 Interrupt controller 



The interrupt arbiter logic arbitrates a winning interrupt request from multiple pending requests based on 
configured priority. It generates the interrupt to the CPU by setting icu_cpujlevel to a non-zero value. The 
priority of the interrupt is reflected by the value assigned to icujcpujlevel, the higher the value the higher 
the priority, 15 being the highest. The current winning interrupt and is reported to the CPU via the IntSrc 
register generated in the interrupt arbiter block. 

// arbitrate based on priority 
if ( a rb_ enable == 1 ) then 

// arbitrate with the current winner 
win_int_priority = 0 
int^src - 0 

int_request « 0 

for <i«0;i<34;i++) { 

if ( int_active(i] 1) then { 

if (int_priority[iJ > win_int_j>riority ) then 
win_int_priority « int_priority [il 
int^src = i 

int_request « 1 

> 

> 

} ■ 

// assign the CPU interrupt level 
int_ilevel = int_priority [ int_src] [7 : 4 J 



The interrupt controller is responsible for generating the interrupt to the CPU, accepting the interrupt 
acknowledge from the CPU and clearing the interrupt source pending bit 
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The exact procedure is CPU dependent, but examples are given for the LEON processor. See section 1 1.9 
on page 98 for a complete description of the interrupt handling procedure. 



resgt=^fl 
Reset 



mt requesl=0 



c 



3 



arb_enable = 1 



fnt requftst=l 



IntPend 



< 



)icu_cpu_l 
arb_enab 



i level :=int Jlevel 

.enables t 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 

State Description: 

Reset : Normal reset state 

IntPend: Interrupt pending, waiting for CPU acknowledge 

IntClear: interrupt dear, clear the pending bit for the 
current interrupt vector 



cpu facte 1 AND 

CPU fCU Hi 



IntClear 



J art>_< 



cpu_int_ciear(1nUsrc}=1 
0 



Figure 48. Interrupt controller state diagram 

After reset the interrupt controller remains in the Reset state until the interrupt arbiter indicates that there is 
an active interrupt pending (int^request equal 1 ). The state machine goes to the IntPend state and signals to 
the CPU that an interrupt is pending. The machine will remain in the IntPend state until the interrupt is 
acknowledged by the CPU or the pending interrupt condition is removed. 

When the interrupt is acknowledged the state machine goes to the IntClear state to clear the pending bit of 
the interrupt source. 

On completion the state machine returns to the Reset state and again waits for the next pending interrupt 
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15 Timers Block (TIM) 



The Timers block contains general purpose timers, a watchdog timer and timing pulse generator for use in 
other sections of SoPEC. 



1 5.1 Watchdog timer 



The watchdog timer is a 32 bit counter value which counts down each time a riming pulse is received. The 
period of the timing pulse is selected by the WatchDogUnitSel register. The value at any time can be read 
from the WatchDogTimer register and the counter can be reset by writing a non-zero value to the register. 
Should the counter reach 1, a system wide reset will be triggered as if the reset came from a hardware pin. 

The watchdog timer can be polled by the CPU and reset each time it gets close to 1 , or alternatively a 
threshold (WatchDoglntThres) can be set to trigger an interrupt for the watchdog timer to be serviced by 
the CPU. This interrupt can be effectively masked by setting the threshold to zero. The watchdog timer can 
be disabled, without causing a reset, by writing zero to the WatchDogTimer register. 



1 5.2 Timing pulse generator 



The riming block contains a timing pulse generator clocked by the system clock, used to generate timing 
pulses of lus, lOOus and 10ms. Each pulse is of one system clock duration and is active high, with the 
pulse period accurate to the system clock frequency. 

The timing pulse generator also contains a 64-bit free running counters that can be read or reset by access- 
ing the FreeRunCount register. 



1 5.3 Generic timers 



SoPEC contains 3 programmable generic timing counters, for use by the CPU to time the system. The tim- 
ers are programmed to a particular value and count down each time a timing pulse is received. If a particu- 
lar timer decrements to 0, then an interrupt is generated. The counter can be programmed to automatically 
restart the count, or wait until re-programmed by the CPU. At any time the status of the counter can be 
read from GenCntValue, or can be reset by writing to GenCntValue register. The auto-restart is activated 
by setting the GenCntAuto register, when activated the counter restarts at GenCntStartValue. A counter 
can be stopped or started at any time, without affecting the contents of the GenCntValue register, by writ- 
ing a 1 or 0 to the relevent GenCntEnable register. 
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15.4 Implementation 

15.4.1 Definitions of I/O 



Table 50. Timers block I/O definition 





IIS 


IP 


mmmmmmmmmsm 


Clocks and Resets 


pdk 


1 


In 


System Clock 


pret_n 


1 


In 


System reset, synchronous active low 


tim_pulse{2:0] 


3 


Out 


Timers block generated timing pulses, each one pclk wide 

0 - 1fls pulse 

1 - 100 \xs pulse 

2 -10ms pulse 


CPU interface 


cpu_adr{6-.2] 


5 


In 


CPU address bus. Only 5 bits are required to decode the 
address space for the ICU block 


cpu_dataout(31:0] 


32 


In 


Shared write data bus from the CPU 


tim_cpu_data(31:0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_tim__sel 


1 


In 


Block select from the CPU. When cpujdm_sel is high both 
cpu_adrand cpu_dataout are valid 


tirn_cpu_fdy 


1 


Out 


Ready signal to the CPU. When Umjcpujrdy is high it indi- 
cates the last cycle of the access. For a write cycle this 
means cpu_dataout has been registered by the TIM block 
and for a read cycle this means the data on tim_cpu_data is 
valid. 


tlm_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acodep:0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 
11. Supervisor data access 


tim_cpu_debug_valki 


1 


Out 


Debug Data valid on tim_cpu_data bus. Active high 


Miscellaneous 


timjcu_wdjrq 


1 


Out 


Watchdog timer interrupt signal to the ICU block 


tim_icujrq[2:0] 


3 


Out 


Generic timer interrupt signals to the ICU block 


tim_cpr_reset_n | 


1 


Out 


Watch dog timer system reset. 
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15.4.2 Timers sub-block partition 



CPU 





cou_tim__sel 


— 




cpu_dataout 


» 




tim_cpu_rdy 






tim_cpu_data 




«- 


cpw_rwn 






cpu a code 


► 




tim_cpu_berr 




«- 
«- 


tim cou debuq valid 







jree„run_cnt 




Tree_run_data 


-\- 


free_run_wen 




fr©e_ run adr 


► 

hi 



s 



s 





wdofl unit sel 


— X 


— r 




wdog_wen 




— ► 




wctoQ tim data 




— ¥ 




wdoa tfm cnt 







Timing pufse 
generator 



wn tim gn 



flgn tim autp 



-Qflfl-iiQiLasl 



ppn wfin 



flgn ttm_data 



gen tim cnt 



-re 



32 ' 



gen_tlro_cnt_st_value 3%, 



-> tim _pulse[2:0] 



Watchdog 
timer 



timjcu__wd_irq 
-> tim_cpr_reset_n 



Generic 
timers 



► timjcujraj2:0] 



Figure 49. Timers sub-block partition diagram 



15.4.3 Watchdog timer 



The watchdog timer counts down from pre-programmed value, and generates a system wide reset when 
equal to one. When the counter passes a pre-programmed threshold (yvdogjtimjthres) value an interrupt is 
generated (tim_icu_\vd_irq) requesting the CPU to update the counter. Setting the counter to zero disables 
the watchdog reset. In supervisor mode the watchdog counter can be written to or read from at any time, in 
user mode access is denied Any accesses in user mode will generate a bus error. 

2 

wdO0_unlt_sel- 

taruputso[0] 
tfm_pufse(1] 
tim_pu!se|2] 
1 



wdog_wen 
wdog_tim_data 




tim Jcu_wd_trq 
>• tim_cpr_reset_n 
■► wdog_tim_cnt 



Figure 50. Watchdog timer RTL diagram 



The counter logic is given by 
if (wdog_wen == 1) then 

wdog_tinucnt * wdog_tin\_data 
els if ( wdog_t indent -- 0) then 

wdog_tin\_cnt » wdog_tim_cnt 
elsif ( cnt_en == 1 ) then 



// load new data 
// count disabled 
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wdog_tim_cnt-- 
else 

wdog_tim_cnt = wdog_tin\_cnt 

The timer decode logic is 

if (( wdog_t im_cnt == wdog_tin\_thres) AND <wdog_tim_cnt 1= 0 > ) then 

tim_icu_wd_irq ■ 1 
else 

tin\_icu_wdLirq = 0 
// reset generator logic 
if (wdog_tim_cnt == 1) then 

ti*u.cpr_reset_n = 0 
else 

tin\_cpr_reset_n = 1 



1 5.4.4 Generic timers 



The generic timers block consists of 3 identical counters. A timer is set to a pre-configured value (GenCnt- 
StartValue) and counts down once per selected timing pulse (gen_unit_sef). The timer can be enabled or 
disabled at any time (gen_tim_en) 9 when disabled the counter is stopped but not cleared. The timer can be 
set to automatically restart (gen_tim_auto) after it hits zero. In supervisor mode a timer can be written to or 
read from at any time, in user mode access is detennined by the GenCntUserModeEnable register settings. 
gen_unrt_seJ- 

tfrn_puise(0) 
tim_puteef1J 
tfm_pulsep] 
1 

gen_tirn_cnt_st_value ^ 

gea.wen 




cnt_en 



gen_tim_<Jata . 

gen_Um_en • 
gen_tim_auto « 



Counter 
Logic 



32 



3- 



Timer 
Decode 



► tim.Jcii.Jrq 

► gen_tim_crrt 



Figure 51. Generic timer RTL diagram 



The counter logic is given by 
if (gen__wen «« 1) then 

, gen__tiro_cnt = gen_tim_data 
elsif {{ cnt_en == 1 ) AND (gen_tim_en -= 1 ) ) then 

if ( gen_tiuL_cnt =-0) then // counter may need re-starting 
if (gen_tim_auto »° 1) then 

gen_tim_cnt = gen_t inv_.cn t_s t_value 
else 

gen_tinucnt ~ gen_tim_cnt 

else 

gen_tim_cnt-- 

else 

gen_tim_cnt = gen_tim_cnt 

The decode logic is 

if <gen_tim_cnt == 1) then 

tim_icu_ir<3 = 1 
else 

tim_icu_irq = 0 
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1 5.4.5 Timing pulse generator 



The timing pulse generator contains a general free running 64-bit timer and 3 timing pulse generators pro- 
ducing timing pulses of one cycle duration with a period of l|is, lOOus and 1ms. In supervisor mode the 
free running timer register can be written to or read from at any time, in user mode access is denied- The 
status of each of the lus, lOOus and 1ms timer can be read by accessing the JlmerPulseStatus registers. 
Any accesses in user mode will result in a bus error The status of each of the lus, 100 us and 1ms timer 
can be read by accessing the TimerPulseStatus register in supervisor mode. 



Free Run Timer 



free_fun_wen 

free_run_data — y' ► 
free_run_adf ^ 




free_njn_cnt 



1us Timer 



Decrement 
Logic 1 us 



pulse_lus • 



Decrement 
Logic 100us 



100us Timjer 



putse_100us 



1 0ms Timi 



Decrement 
Logic 10ms 



Compare 



putee^lus » tlm_pu!se(0] 



Compare 



pulse_100us^ 



tlm_putee[lj 



Compare 



» tlm_pii!sel2| 



y ► p uise_timer_status 



tJm__putse[2:0}- 

Figure 52. Pulse generator RTL diagram 



15.4.5.1 Free Run Timer 

The increment logic block increments the timer count on each clock cycle. The counter wraps around to 
zero and continues incrementing if overflow occurs. When the timing register (FreeRunCount) is written 
to, the configuration registers block will set the freejrun_wen high for a clock cycle and the value on 
free_run_data will become the new count value, for the 32 bits selected by the free_run_adr signal. If 
jree_run_adr is 1 the higher 32 bits of the counter will be written to, otherwise the lower 32 bits are writ- 
ten to. It is the responsibility of software to handle these writes in a sensible manner. 

The increment logic is given by 

if (free_run_wen == 1) then 
if ( f ree_run_adr e» 1) then 

free_run_cnt [63 :32] = f ree_run_data 
else 

f ree_run_cnt[31 :0) « f ree_run_data 

else 
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free_run_cnt ++ 

15.4.5.2 Pulse Timers 

The pulse timer logic generates timing pulses of 1 clock cycle length and period of lus, lOOus and 1ms. 
The logic for the 1 us timer is given by: 

// lus generator 

if (pulse_lus_cnt =- 0 ) then 

pulse_lus_cnt = 159 

pulse_lus = 1 

else 

pulse_lus_cnt — 
pulse_lus a 0 




The logic for lOOus timer is given by: 

// lOOus generator 

if ( <pulse_100us_cnt ea 0 ) AND (pulse_lus «* 1 > ) then 

pulse_100us_cnt = 99 

pulse__lO0us = 1 

elsif (pulse_lus == 1) then 

pulse_100us_cnt — 

pulse_100us = 0 

else 

pulse_100us_cnt — 
pulse_100us = 0 

The logic for the 1 Oms timer is given by: " 
// 10ms generator 

if ( <pulse_10ms_cnt == 0 ) AND <pulse_100us ■» 1)) then 

pulse_10ms_cnt = 99 

pulse_10ms = 1 

elsif (pulse_100us == 1) then 

pulse_10ms_cnt — 

pulse_10ms « 0 

else 

pulse_10ms_cnt — 
pulse_10ms e 0 



1 5.4.6 Configuration registers 

The configuration registers in the TEM are programmed via the CPU interface. Refer to section 1 1.4.3 on 
page 70. for a description of the protocol and timing diagrams for reading and writing registers in the TIM. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the TIM. 
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When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of tim_pcujdata. Table 51 lists the configuration registers in the TIM block . 



Table 51. Timers Register Map 







M 






0x00 


WatehDogUnitSel 


3 


0x0 


Specifies the units used for the watchdog 
timer: 

0 - 1 jis pulse 

1 - 100 us pufse 

2 - 10 ms pulse 
3-pdk 


0x04 


Watch DogTlmer 


32 


OxFFFF 
_FFFF 


Specifies the number of units to count before 
watchdog timer triggers. 


0x08 


WatchDoglntThres 


32 


0x0000 
JXHX) 


Specifies the threshold value below which the 
watchdog timer issues an interrupt 


0x000x10 


FreeRunCountfl .-0] 


2x32 


0x0000 
_0000 


Direct access to the free running counter reg- 
ister. 

Bus 0 - Access to bits 31-0 
Bus 1 - Access to bits 63-32 


0x14 to 0x1 C 


GenCntStartValue[2:0] 


3x32 


0x0000 
_0000 


Generic timer counter start value, number of 
units to count before event 


0x20 to 0x28 


GenCntValuef2:0] 


3x32 


0x0000 

_ooob 


Direct access to generic timer counter regis- 
ters 


0x2C to 0x34 


GenCntUnitSei[2:0] 


3x2 


0x0 


Generic counter unit select. Selects the timing 
units used with corresponding counter: 

0 - 1 its pulse 

1 -100 i*s pulse 

2 - 10 ms pulse 
3-pdk 


0x38 to 0x40 


GenCntAuto[2:0] 


3x1 


0x0 


Generic counter auto re-start select When 
high timer automatically restarts, otherwise 
timer stops. 


0x44 to 0x4C 


GenCntEnaWe[2«l 


3x1 


0x0 


Generic counter enable. 

0 - Counter disabled 

1 - Counter enabled 


OxSO 


GenCntUserModeEnable 


3 


0x0 


User Mode Access enable to generic timer 
configuration register. When 1 user access Is 
enabled. 

Bit 0 - Generic timer 0 
Bit 1 - Generic timer 1 
Bit 2 - Generic timer 2 


0x54 


OebugSelect 


6 


0x00 


Debug address select. Indicates the address 
of the register to report on the tim__cpu__data 
bus when it is not otherwise being used. 


Read Only Registers 


0x58 


PuIseTimerStatus 


24 


0x00 


Current pulse timer values, and pulses 

6:0 - 1 us timer count 

7 -1 us pulse 

14:8 - 100us timer count 

15 - 100us pulse 

22:16- 10ms timer count 

23 - 10 ms pufse 
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15.4,6. 1 Supervisor and user mode access 

The configuration registers block examines the CPU access type (cpu_acode signal) and determines if the 
access is allowed to that particular register, based on configured user access registers. If an access is not 
allowed the block will issue a bus error by asserting the tim_cpu_berr signal. 

The timers block is fully accessible in supervisor data mode, all registers can written to and read from. In 
user mode access is denied to all registers in the block except for the generic timer configuration registers 
that are granted user data access. User data access for a generic timer is granted by setting corresponding 
bit in the GenCntUserModeEnable register. This can only be changed in supervisor data mode. If a partic- 
ular timer is granted user data access then all registers for configuring that timer will be accessible. For 
example if timer 0 is granted user data access the GenCntStartValuefO) \ GenCntUnitSelfO], GenCn- 
tAutofO], GenCntEnable[0] and GenCnt Value [0] registers can all be written to and read from without any 
restriction. 

Attempts to access a user data mode disabled timer configuration register will result in a bus error. 

Table 52 details the access modes allowed for registers in the TIM block. In supervisor data mode all reg- 
isters are accessable. All forbidden accesses will result in a bus error (tim^cpujberr asserted). 



TabFe 52. TIM supervisor and user access modes 









0x00 


WatchDogUnitSel 


Supervisor data mode only 


0x04 


Watch DogTimer 


Supervisor data mode only 


0x08 


Watch DoglnfThres 


Supervisor data mode cnfy 


0x000x10 


FreeRunCoanl 


Supervisor data mode only 


0x14 


GenCntStartVafuefO] 


GenCntUserModeEnaWefO] 


0x18 


GenCntStartValue[1] 


GenCntUserModeEnaWell ) 


0x1 C 


GenCntStartValue[2] 


GenCntUserModeEnaWe[2] 


0x20 


GenCntVa!ue[0) 


GenCntUserModeEnaWe[0] 


0x24 


GenCntVaJuep] 


GenCntUserMode EnaWe(1 ] 


0x28 


GenCntValue[2] 


GenCntUserModeEnabief2] 


0x2C 


GenCntUnitSel[0] 


GenCntUserMode Enab!e[0J 


0x30 


GenCntUnftSefp] 


GenCntUserModeEnaWell) j 


0x34 


GenCntUnitSel[2] 


G enCntUserModeEnaWe[2] 


0x38 


GenCntAutofOj 


GenCntUserMode EnaWef 0] 


0x3C 


GenCntALrtofl] 


GenCntUserModeEnabfe[1 J 


0x40 


GenCntAuto(2] 


G enCntUserModeEnable[2] 


0x44 


GenCntEnable[OJ 


GenCntUserMode Ena We(0} 


0x48 


GenCntEnaWep] 


GenCntUserModeEnaWell] | 


0x4C 


GenCntEnabfe[2] 


GenCntUserModeEnaWe[2] 


0x50 


GenCntUserModeEnable 


Supervisor data mode only 


0x54 


Debug Select 


Supervisor data mode only 


0x58 


PulseTimerStatus 


Supervisor data mode only 
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16 Clocking, Power and Reset (CPR) 

The CPR block provides all of the clock, power enable and reset signals to the SoPEC device. 

16.1 POWERDOWN MODES 

The CPR block is capable of powering down certain sections of the SoPEC device. When a section is pow- 
ered down (i.e. put in sleep mode) no state is retained, the CPU must re-initialize the section before it can 
be used again. The exact powerdown mechanism is undefined and is technology dependent. 

For the purpose of powerdown the SoPEC device is divided into sections: 



Table 53. Powerdown sectioning 







Print Engine Pipeline Subsystem 
(Section 0) 


CDU 


CRJ 




LBD 




SRJ 




TE 




TFU 1 




HCU 




DNC 




DWU 




LLU 




PHI 


CPU-DRAM (Section 1) 


ORAM 




CPU/MMU 




DIU 




TIM 




ROM 




LSS Interface j 


Comma Subsystem (Section 2) 


USB 




IS! 




DMA Ctrl 




QPIO 




PSS 




ICU 



16.1.1 Sleep mode 

Each section can be put into sleep mode by setting the corresponding bit in the SleepModeEnable register. 
To re-enable the section the sleep mode bit needs to be cleared and then the section should be reset by 
writing to the relevant bit in the ResetSection register. Each block within the section should then be re-con- 
figured by the CPU 

| If the CPU system is put into sleep mode, the SoPEC device will remain in sleep mode until a system level 

reset is initiated from the reset pin, or a wakeup reset by the SCB block as a result of activity on either the 
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I 

16.2 
16.3 

I 



USB or ISI bus. If all sections are put into sleep mode, then only a system level reset initiated by the reset 
pin will re-activate the SoPEC device. 

Like all software resets in SoPEC the ResetSection register is active-low i.e. a 0 should be written to each 
bit position requiring a reset. The ResetSection register is self-reseting. 

Reset source 

The SoPEC device can be reset by a number of sources. When a reset from an internal source is intiated 
the reset source register (ResetSrc) stores the reset source value. This register can then be used by the CPU 
to determine the type of boot sequence required. 

Clock relationship 

The crystal oscillator excites a 32MHz crystal through the xtalin and xtalout pins. The 32MHz output is 
used by the PLL to derive the master VCO frequency of 960MHz. The master clock is then divided to pro- 
duce 320MHz clock (clk320) t 160MHz clock (c/*750), 106MHz clock (clklOS) and 48MHz (clk48) clock 



The phase relationship of each clock from the PLL will be defined. The relationship of internal clocks 
clk320, clklQ6, clk48 and clkl60 to xtalin will be undefined The clock tree generation should create inser- 
tion delays so as to compensate for the phase difference of the clocks leaving the PLL. At the output of the 
clock block, the skew between each pclk domain {pclk_section[3:0J and jclk) should be within skew toler- 
ances of their respective domains (defined as less than the hold time of a D-type flip flop). 

The skew between doclk and phiclk should also be less than the skew tolerances of their respective 



The usbclk is derived from the PLL output and has no relationship with the other clocks in the system and 
is considered asynchronous. 



sources. 



domains. 
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There is no skew requirement between the pclk domains and the doclk and phiclk domains, they are con- 
sidered essentially asynchronous to each other. 



1.04ns 



PLL Master Clock 



finiMnjuuiMJiMJUU^ 



dk320 



doclk 



cik160 



pdk 
jdk 



dkl06 



phiclk 




,4 H docflc insertion delay 



4 » | cfklCOPLL phase shift 



1_J — LJ — L_ 



1 odk/jcsk insertion delay 



-V dkl 06 PLL phase shift 



i r 



j 



i< -H pMd* insertion delay 

Figure 53. SoPEC clock relationship 



L 
~~L 

r 



1 6,4 Implementation 
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16.4.1 Definitions of I/O 

Table 54. CPR I/O definition 



mmmrnm 


HHP 


SHE 




Clocks and Resets 


xtalin 




In 


Crystal input, direct from IO pin. 


xtaJout 


1 


Out 


Crystal output, direct to IO pin. 


pdk_S€Ction[2:0] 




Out 


System docks for each section 


phlclk 




Out 


Printhead interface dock (dodk/3) for the PHI block 


doclk 




Out 


Data out dock (2x pdk) for the PHI block 


jclk 




Out 


Gated version of system dock used to clock the JPEG decoder 
core in the CDU 


usbdk 




Out 


USB clock at 3 times the crystal Input frequency, nominally at 48 
Mhz 


jdk_enaWe 




In 


Gating signal forjdk. 


reset_n 




In 


Reset signal from the re$et_n pin 


usb_cpr_reset_n 




In 


Reset signal from the USB Wock 


isi_cpr_reset_n 




In 


Reset signal from the 1SI block 


tirn_cpr_reset_n 




In 


Reset signal from watch dog timer. 


prst_n_section(2:0] 




Out 


System resets for each section, synchronous active low 


phirst_n 




Out 


Reset for PHI block, synchronous to phidk 


dorst_n 




Out 


Reset for PHI block, synchronous to docik 


jrst_n 




Out 


Reset for JPEG decoder core in CDU block, synchronous to jdk 


usbrst_n 




Out 


Reset for the USB block, synchronous to usbdk 


Test Input 


test.dk 




In 


Test dock direct from external pin, for use in production test (scan 
test) 


test_enabJe 




In 


Test enable. Direct from external pin. When high production test 
mode is enabled. 


CPU Interface 


cpu_adr(3:2] 


2 


In 


CPU address bus. Onty 2 bits are required to decode the address 
space for the CPR block 


cpu_dataout[31 :0] 


32 


In 


Shared write data bus from the CPU 


cpr_cpu_data[31 .-0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU. 


cpu_cpr_sel 


1 


In 


Block select from the CPU. When cpu_cpr_sel is high both 
cpu_adrand cpu^dataout are valid 


cprjcpu_rdy 


1 


Out 


Ready signal to the CPU. When cpr_cpu_njy is high it indicates 
the last cyde of the access. For a write cyde this means 
cpu_dataout has been registered by the block and for a read cyde 
this means the data on cpr_cpu_data is valid. 


cpr_cpu_berr 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


cpu_acode[1 .-0J 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 - Supervisor data access 


cpr_cpu_debug_valid 


1 


Out 


Debug Data valid on cpr_cpu_data bus. Active high 
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Table 54. CPR I/O definition 





as 






Miscellaneous 


pwr_sleep_mode[2.*0] 




| Out | Sleep mode section select 





16.4.2 Configuration registers 

The configuration registers in the CPR are programmed via the CPU interface. Refer to section 11.4 on 
page 69 for a description of the protocol and timing diagrams for reading and writing registers in the CPR. 
Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register reads and 
writes, the lower 2 bits of the CPU address bus are not required to decode the address space for the CPR. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
of cpr_pcu_data. Table 55 lists the configuration registers in the CPR block. 

The CPR block will only allow supervisor data mode accesses (i.e. cpu_acode[l:OJ = 
SUPER VISOR J2ATA ). All other accesses will result in cpr_cpu_berr being asserted . 



Table 55. CPR Register Map 







M 


sifts 




0x00 


Sleep Mode Enable 


3 


0x0 


Steep Mode enable, when high a section of logic 
has is powerdown. Each bit controls a section 


0x04 . 


ResatSrc 


4 


0x0 a 


Reset Source register, Indicating the source of 

the last reset 

Bit 0 - External Reset 

Bit 1 - USB wakeup reset 

Bit 2 - ISI wakeup reset 

Bit 3 - Watchdog timer reset 


0x08 


ResetSection 


3 


0x7 


Active-low synchronous reset for each section, 
self-resetting. 


OxOC 


DebugSelect 


6 


0x00 


Debug address select. Indicates the address of 
the register to report on the cpr_cpu_data bus 
when it is not otherwise being used. 


PLL Control (Asynchronous reset registers) 


0x10 


PLLTuneBits 


10 


0x23E 


PLL tuning bits 


0x14 


PLLRangeA 


4 


OxF 


PLLOUT A frequency selector (defaults to 
600Mhzto1250Mhz) 


0x18 


PLLRangeB 


3 


0x7 


PLLOUT B frequency selector (defaults to 
600Mhzto1250Mhz) 


0x1 C 


PLLMultipUer 


5 


0x25 


PLL multiplier selector, defaults to refclkx 20 



a. Reset value depends on reset source. External reset shown. 
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1 6.4.3 CPR Sub-block partition 



test^enabte- 
test^cJk- 



xtattn • 
xtaJout • 
test_enabte — 



_Clock Generator 



Crystal 
Oscillator 



PLL 



rr 



jcfk_enaWe 



pwr..sleep_mode«4- 



reset_n - 
usb_cpr_reseu.n - 
fcJ_cpr_r»set_n - 
tjm_cpr_reset_n - 



cjkioe 



clk320 



Cjjc48 



Clk160 



Gate Enable 
Logic 



/'a 



gate.dom 



test.enaHe - 



Reset 
Logic 



5 r 



Configuration registers 
4 A A — I 1 — A A 



32 



/ 32 



6 

t r 



s 



reset,dom(6) 




pcOesectfonfo] 



pdk_soctkxi{1l 



pc(k.aectIon[2] 



<todk » 

reset_dorn(Oj ^ 

phtelh — » 
reset„dom(1] 



reset_dom[2] 



pcllesectfon(0] ► 

resat,dorr{3) ^ 



pdk_sectk>n(l} » 

reset_dom[4} ^ 



pdk_sectk>nl2J— ► 
reset domfSl 



Clock driver 



CPU 



Figure 54. CPR block partition 
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16.4.4 Sync reset 



The reset synchronizer retimes an asynchronous reset signal to the clock domain that it resets. The circuit 
prevents the inactive edge of reset occurring when the clock is rising 



pcik 
reset_dom 

prst_n 



reset_dom ■ 



synchronizer 



T 



prst_n 



Figure 55. Reset synchronizer logic 



1 6.4.5 Reset generator logic 

The reset generator logic is used to determine which clock domains should be reset, based on configured 
reset values {reset_section_n\ the external reset (reset _n), watchdog timer reset (tim_cpr_reset_n) and 
resets from the SCB block (isi_cpr_reset_n, usb_cpr_reset_ri). The reset direct from the 10 pin (reset_n) is 
synchronized and de-glitched before feeding the reset logic. 

Resets from the SCB block reset everything except its own section (section 2), this allows data to be stored 
in the PSS block for use after a SCB powerup initiated reset 

Table 56. Reset domains 



imam wmmmmmB 


reset_dom[0] 


doclk domain 


reset_dom[1] 


phtdk domain 


reset_dom[2] 


usbcfk domain 


reset_dom[3J 


Section 0 pclk domain 


reset_dom[4J 


Section 1 pclk domain 


reset_dom[5] 


Section 2 pclk domain 


reset_dom(6] 


jclk domain 



The logic is given by 

if (reset_n == 0> then 
reset_dom [6:0) = 0x00 
reset__src[3:0] - 0x01 

els if <usb_cpr_reset_n 0) 
reset_dom[6:0] = 0x20 
reset_src[3 :0J » 0x02 

els if (isi_cpr_reset_n «e 0) 
reset_dom[6 : 0] = 0x20 
reset_erc(3 :0) * 0x04 

els if (tin\_cpr_reset_n -= 0) 
reset_dom[6 :0] = 0x00 
reset_src[3 :0] = 0x08 



// reset: everything 



then 
// all 

then 
// all 



except comms domain 



except comms domain 



then 

// reset everything 
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else 

// propagate resets from reset section register 

reset_doin[5 : OJ = 0x3F 

if (reset_section_nf 0) 0) then 

reset_dorot3) - 0 
if (reset_section_n[l] == 0) then 

reset_domt4] = 0 
if (reset_section_n{2] == 0> then 

reset_dom[5) - 0 



The gate enable logic is a combinational logic block used to generate gating signals for each of SoPECs 
clock domains. The gate enable (gate_domain) is generated based on the configured sleep _mode_en and 
the internally generated jclk_enable signal. 

The logic is given by 

// clock gating for sleep modes 
gate_dom[5:3) = 0x7 // default to on 
for (i=0 ;i < 3 ; i++) { 

if <sleep_mode_en(i) == 1) then 
grate_dom£i+3} = 0 
pwr_sleep_niode [ i ) == 1 

) 

// jclk and remaining 
gate_dom[2:0) = 0x7 
gate_dom{6] = ~(jclk_enable) 



The clock gate logic is used to safely gate clocks without generating any glitches on the gated clock. When 
the enable is high the clock is active otherwise the clock is gated. 



1 6.4.6 Gate enable logic 



16.4.7 Clock gate logic 



src_dk 



J 



gate_dom 



gate_dom_retimed" 



gate_dock 



gate_donv 



gate_dom_retimed 




gate_ctock 



src_cJk- 



|»4> 



Figure 56. Clock gate logic diagram 
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16.4.8 Clock generator Logic 

The clock generator block contains the PLL, crystal oscillator, clock dividers and associated control and 
. test logic. The PLL VCO frequency is at 960Mhz locked to a 32 Mhz refclk generated by the crystal oscil- 
lator. In test mode the xtalin signal can be driven directly by the test clock generator, the test clock will be 
reflected on the refclk signal to the PLL. 




refclk 



pll_range_a 
pU_range_b 
plLmuttplier 
pIMune 



prst_n 




»cik320 

► cik160 

► elk 106 



>dk48 



Figure 57. PLL and Clock divider logic 



16.4.8.1 dock divider A 

The clock divider A block generate the 320Mhz, 160Mhz and I06Mhz clocks from the input 320Mhz 
clock (pli_outb) generated by the PLL. The divider flips flops are asynchronously reset by the prst_n sig- 
nal. The divders are enabled only when the PLL has acquired lock as indicated by the plljock signal. 

16.4.8.2 dock divider B 

The clock divider B block generate the 48Mhz clock from the input 96Mhz clock (pil^outa) generated by 
the PLL. The divider flips flops are asynchrously reset by the prst_n signal. The divders are enabled- only 
when the PLL has acquired lock as indicated by the plljtock signal. 
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1 7 ROM Block 



17.1 Overview 

The ROM block interfaces to the CPU bus and contains the SoPEC boot code. The ROM block consists of 
the CPU bus interface, the ROM macro and the ChipID macro. The current ROM size is 16 KBytes imple- 
mented as a 4096 x32 macro. Access to the ROM is not cached because the CPU enjoys fast (no more than 
one cycle slower than a cache access), unarbitrated access to the ROM. 

Each SoPEC device is required to have a unique ChipID which is set by blowing fuses at manufacture. 
IBM's 300mni ECID macro is to be used to implement the ChipID and this offers 1 12-bits of laser fuses. 
The exact number of ruse bits to be used for the ChipID will be determined later but all bits are made 
available to the CPU. The ECID macro allows all 1 12 bits to be read out in parallel and the ROM block 
will make all 1 12 bits available in the FuseChipID[N] registers which are readable by the CPU in supervi- 
sor mode only. 

1 7.2 Boot operation 

The are two boot scenarios for the SoPEC device namely after power-on and after being awoken from 
sleep mode. When the device is in sleep mode it is hoped that power will actually be removed from the 
DRAM, CPU and most other peripherals and so the program code will need to be freshly downloaded each 
time the device wakes up from sleep mode. In order to reduce the wakeup boot time (and hence the per- 
ceived print latency) certain data items are stored in the PSS block (see section 18). These data items 
include the SHA-1 hash digest expected for the program(s) to be downloaded, the master/slave SoPEC id 
and some configuration parameters (currently TBD). All of these data items are stored in the PSS by the 
CPU prior to entering sleep mode. The SHA-1 value stored in the PSS is calculated by the CPU by 
decrypting the signature of the downloaded program using the appropriate public key stored in ROM. This 
compute intensive decryption only needs to take place once as part of the power-on boot sequence - subse- 
quent wakeup boot sequences will simply use the resulting SHA-1 digest stored in the PSS. Note that the 
digest only needs to be stored in the PSS before entering sleep mode and the PSS can be used for tempo- 
rary storage of any data at all other times. 

The CPU is expected to be in supervisor mode for the entire boot sequence described by the pseudocode 
below. Note that the boot sequence has not been finalised but is expected to be close to the following: 

if (ResetSrc -= 1) then // Reset was a power-on reset 

configure_sopec // need to configure peris (USB, ISI, DMA, ICU etc.) 
// Otherwise reset was a wakeup reset so peris etc. were already configured 
PAUSE: wait until IrqSetnaphore !■ 0 //i.e. wait until an interrupt has been serviced 
if (IrqSemaphore « DMAChanOMsg} then 

parse^nsg(EMAChanOMsgPtr) // this routine will parse the message and take any 

// necessary action e.g. programming the DMAChannell registers 
elsif (IrqSemaphore == DMAChanlMsg) then // program has been downloaded 

CalculatedHash = gen_shal (ProgramLocn, PrograroSize) 

if (ResetSrc == 1) then 

ExpectedHash e sig_decrypt ( Programs ig) 

else 

ExpectedHash = PSSHash 
if (ExpectedHash == CalculatedHash) then 

jmp(PrgramLocn> // transfer control to the down loaded program 
else 

send_host_msg ( "Program Authentication Failed') 
goto PAUSE: 

elsif (IrqSemaphore == timeout) then // nothing has happened 
if (ResetSrc 1) then 
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sleep_mode( ) // put SoPEC into sleep mode to be woken up by USB/ISI activity 
else //we were woken up but nothing happened 
reset_sopec (PowerOnReset) 

else 

goto PAUSE 

The boot code places no restrictions on the activity of any programs downloaded and authenticated by it 
other than those imposed by the configuration of the MMU i.e. the principal function of the boot code is to 
authenticate that any programs downloaded by it are from a trusted source. It is the responsibility of the 
downloaded program to ensure that any code it downloads is also authenticated and that the system 
remains secure. The downloaded program code is also responsible for setting the SoPEC ISIId (see section 
12.7 for a description of the ISIId) in a multi -SoPEC system. See the "SoPEC Security Overview" docu- 
ment [9] for more details of the SoPEC security features. 

17.3 Implementation 

17.3.1 Definitions of I/O 



Table 57. ROM Block I/O 









WEmMmmmatmmmm 


Clocks and Resets 


prst_n 


1 


In 


Global reset. Synchronous to pclk, active low. j 


pclk 


1 


In 


Global clock 


CPU Interface 


cpu_adr[15:2] 


14 


In 


CPU address bus. Only 14 bits are required to decode the address 
space for this block. 


rom_cpu_data[31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acbde[1:0] 


2 


In 


CPU Access Code signafs. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

1 1 * Supervisor data access 


cpu_rorn_sel 


1 


In 


Block select from the CPU. When cpu_rom sef 'ts high cpu adris 
valid 


rom_cpu_rdy 


1 


Out 


Ready signal to the CPU. When mm_cpu_nfy Is high it indicates 
the last cycle of the access. For a read cycle this means the data on 
rvm_cpu_data is valid. 


rom_cpu__berr 


1 


Out 


ROM bus error sfgnal to the CPU indicating an invalid access. 



17.3.2 Configuration registers 

The ROM block will only allow read accesses to the FuseChipID registers with supervisor data space per- 
missions (i.e. cpu_acode[l:0] = 11). All other accesses of the FuseChipID registers will result in 
rom_cpu_berr being asserted. The ROM block allows all read accesses to the ROM itself (i.e supervisor or 
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user, data or program accesses). The CPU subsystem bus slave interface is described in more detail in sec- 
tion 9.4.3. 



Table 58. ROM BJock Register Map 









ill 




in 


^^^^ 




0x8000 to 
0x8004 


FuseChipiDfN] 


32 


n/a 


Value of corresponding fuse bits. (Read only) 



17.3.3 Sub-Block Partition 

IBM offer two variants of their ROM macros; A high performance version (ROMHD) and a low power 
version (ROMLD). It is likely that the low power version will be used unless some implementation issue 
requires the high performance version. Bom versions offer the same bit density. The sub-block partition 
diagram below does not include the clocking and test signals for the ROM or ECID macros. The CPU sub- 
system bus interface is described in more detail in section 1 1 .4.3. 



ROM Macro 
4096x32 



IBM 300mm ECID macro 

r — — — — — — — — — — i 



FUS6001 
S 

H 

k 

H 
h 

FUSG111 



rom_adr 



rom_data 



fuse_data 



fuse_reg_adr 



4<- 



CPU Bus 
Interface 



















► 




► 



cpu_adr 

rom_cpu_da!a 
cpu_rom_sel 
cpu_rwn 
rom_cpu_rdy 
cpu_acode 
> ron\_cpu_berr 



Figure 58. Sub-block partition of the ROM block 

17.3.4 Sub-block signal definition 

Table 59. ROM Block Internal signals 



Clocks and Resets 



prst_n 



| Global reset. Synchronous to pctk. active low. 
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Table 59. ROM Block Internal signals 



pclk 



Global clock 



Internal Signals 


rom^adrf 1 1 :0] 


12 


ROM address bus 


rom_sel 


1 


Select signal to the ROM macro instructing it to access the location 
at rom_adr 


rom_oe 


1 


Output enable signal to the ROM block 


rom_data[31 :0] 


32 


Data bus from the ROM macro to the CPU bus interface 


rom_dvaIld 


1 


Signal from the ROM macro indicating that the data on rom_data is 
valid for the address on rom_adr 


fuse_data[31:0] 


32 


Data from the FuseChiptD[N] register addressed by fusa_reg_adr 


fuse_reg_adrf1:0] 


2 


Indicates which of the FuseChlplD registers is being addressed 
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18 Power Safe Storage (PSS) Block 

18.1 Overview 

The PSS block provides 128 bytes of storage space that will maintain its state when the rest of the SoPEC 
device is in sleep mode. The PSS is expected to be used primarily for the storage of decrypted signatures 
associated with downloaded programmed code but it can also be used to store any information that needs 
to survive sleep mode (e.g. configuration details). Note that the signature digest only needs to be stored in 
the PSS before entering sleep mode and the PSS can be used for temporary storage of any data at all other 
times. 

Prior to entering sleep mode the CPU should store all of the information it will need on exiting sleep mode 
in the PSS. On emerging from sleep mode the boot code in ROM will read the ResetSrc register in the CPR 
block to determine which reset source caused the wakeup. The reset source information indicates whether 
or not the PSS contains valid stored data, and the PSS data determines the type of boot sequence to exe- 
cute. If for any reason a full power-on boot sequence should be performed (e.g. the printer driver has been 
updated) then this is simply achieved by initiating a full software reset. 

18.2 Implementation 

The storage area of the PSS block will be implemented as a 128-byte register array. The array is located 
from PSS_base through to PSSJ>ase+0x7F in the address map. The PSS block will only allow read or 
write accesses with supervisor data space permissions (i.e. cpu_acode[l:OJ = 11). All other accesses will 
result in pss_cpujberr being asserted. The CPU subsystem bus slave interface is described in more detail 
in section 11.4.3. 
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18.2.1 Definitions of I/O 

Table 60. PSS Block I/O 



J3 



Clocks and Resets 



prst_n 


1 


In 


Global reset. Synchronous to pdk, active low. 


pcfk 


1 


In 


Global clock 


CPU Interface 


cpu_adr[6:2] 


5 


In 


CPU address bus. Only 5 bits are required to decode the address 
space for this block. 


cpu_dataout[31 :0] 


32 


In 


Shared write data bus from the CPU 


pss_cpu_data{31 :0] 


32 


Out 


Read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode(1 .-0] 


2 


In 


CPU Access Code signals. These decode as follows: 

00 - User program access 

01 - User data access 

10 - Supervisor program access 

11 - Supervisor data access 


cpu__pss_sef 


1 


In 


Block select from the CPU. When cpu_pss_sel\s high both cpu_adr 
and cpu_dataout are valid 


pss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When p$s_cpu_rty is high it indicates the 
last cycle of the access. For a read cycle this means the data on 
pss_cpu_data Is valid. 


pss_cpu_berr 


1 


Out 


PSS bus error signal to the CPU indicating an invalid access. 
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19 Low Speed Serial Interface (LSS) 



19.1 Overview 



The Low Speed Serial Interface (LSS) provides a mechanism for the internal SoPEC CPU to communicate 
with external QA chips via two independent LSS buses. The LSS communicates through the GPIO block 
to the QA chips. This allows the QA chip pins to be reused in multi-SoPEC environments. The LSS Mas- 
ter system-level interface is illustrated in Figure 59. Note that multiple QA chips are allowed on each LSS 
bus. 



CPU 



CPU sub-system bus 
\ 



LSS Master 



SoPEC 



GPIO 



LSS bus 0 



QA Chip 0 



QAChipl 



LSS bus 1 



QA Chip 2 



QA Chip 3 



Figure 59. LSS master system-level interface 



19.2 QA COMMUNICATION 

The SoPEC data interface to the QA Chips is a low speed, 2 pin, synchronous serial bus. Data is trans- 
• ferred to the QA chips via the lss__data pin synchronously with the lss_clk pin. When the lss__clk is high the 
data on lss_data is deemed to be valid. Only the LSS master in SoPEC can drive the Iss_clk pin, this pin is 
an input only to the QA chips. The LSS block must be able to interface with an open-collector pull-up bus. 
This means that when the LSS block should transmit a logical zero it will drive 0 on the bus, but when it 
should transmit a logical 1 it will leave high-impedance on the bus (i.e. it doesn't drive the bus). If all the 
agents on the LSS bus adhere to this protocol then there will be no issues with bus contention. 

The LSS block controls all communication to and from the QA chips. The LSS block is the bus master in 
all cases. The LSS block interprets a command register set by the SoPEC CPU, initiates transactions to the 
QA chip in question and optionally accepts return data. Any return information is presented through the 
configuration registers to the SoPEC CPU. The LSS block indicates to the CPU the completion of a com- 
mand or the occurrence of an error via an interrupt. 

19.2.1 Start and stop conditions 

All transmissions on the LSS bus are initiated by the LSS master issuing a START condition and termi- 
nated by the LSS master issuing a STOP condition. START and STOP conditions are always generated by 
the LSS master. As illustrated in Figure 60, a START condition corresponds to a high to low transition on 
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J3 



lss_data while lss_clk is high. A STOP condition corresponds to a low to high transition on lss_data while 
lss_clk is high. 



l$s_data 



Iss.clk 



\ 



r 



\ r 



START 
CONDITION 



STOP 
CONDITION 



Figure 60. START and STOP conditions 



19.2.2 Data transfer 

Data is transferred on the LSS bus via a byte orientated protocol. Bytes are transmitted serially. Each byte 
is sent most significant bit (MSB) first through to least significant bit (LSB) last. One clock pulse is gener- 
ated for each data bit transferred Each byte must be followed by an acknowledge bit 

The data on the lss_data must be stable during the HIGH period of the lss_clk clock. Data may only 
change when lss_clk is low. A transmitter outputs data after the falling edge of Issjclk and a receiver inputs 
the data at the rising edge of lss_clk. This data is only considered as a valid data bit at the next lss_clk fall- 
ing edge provided a START or STOP is not detected in the period before the next Issjclk falling edge. All 
clock pulses are generated by the LSS block. The transmitter releases the lss_data line (high) during the 
acknowledge clock pulse (ninth clock pulse). The receiver must pull down the lss_data line during the 
acknowledge clock pulse so that it remains stable low during the HIGH period of this clock pulse. 

Data transfers follow the format shown in Figure 61. The first byte sent by the LSS master after a START 
| condition is a primary id byte, where bits 7-2 form a 6-bit primary id (0 is a global id and will address all 

QA Chips on a particular LSS bus), bit 1 is an even parity bit for the primary id, and bit 0 forms the read/ 
write sense. Bit 0 is high if the following command is a read to the primary id given or low for a write 
command to that id. An acknowledge is generated by the QA chip(s) corresponding to the given id (if such 
a chip exists) by driving the Issjdata line low synchronous with the LSS master generated ninth Iss^clk. 



lss_data j f\*al- bitO \ Act / ^bits 7 - ^ bitO ^ Ack f ^bi* 7 - ^ bitO )[~Nack ^ j f \ 

— - " h ii 1 i n i i it i 

START IDbyte[7:l] R/W ACK DATA ACK DATA ACK STOP 

ccaditioo condition 

Rgure 61. LSS transfer of 2 data bytes 



19.2.3 Write procedure 

The protocol for a write access to a QA Chip over the LSS bus is illustrated in Figure 63 below. The LSS 
master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It then trans- 
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mits the primary id byte with a 0 in bit 0 to indicate that the following command is a write to the primary 
id. An acknowledge is generated by the QA chip corresponding to the given primary id The LSS master 
will clock out M data bytes with the slave QA Chip acknowledging each successful byte written. Once the 
slave QA chip has acknowledged the M 1 * 1 data byte the LSS master issues a STOP condition to complete 
the transfer. The QA chip gathers the M data bytes together and interprets them as a command. See QA 
Chip Interface Specification for more details on the format of the commands used to communicate with 
the QA chip[8]. Note that the QA chip is free to 'not acknowledge any byte transmitted. The LSS master 
should respond by issuing an interrupt to the CPU to indicate this error. The CPU should then generate a 
STOP condition on the LSS bus to gracefully complete the transaction on the LSS bus. 



Byte 0 



Byte M-l Byte M 



s 


mbytcf7:l} 


0 


Data(8) 


Jjj 










ill 



Data(8) I 



Daia(B) | 



S - Start condition 
A = Ack 
N = Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 62. Example of LSS write to a QA Chip 



19.2.4 Read procedure 

The LSS master in SoPEC initiates the transaction by generating a START condition on the LSS bus. It 
then transmits the primary id byte with a 1 in bit 0 to indicate that the following command is a read to the 
primary id. An acknowledge is generated by the QA chip corresponding to the given primary id. The LSS 
master releases the lss_data bus and proceeds to clock the expected number of bytes from the QA chip 
with the LSS master acknowledging each successful byte read. The last expected byte is not acknowledged 
by the LSS master. It then completes the transaction by generating a STOP condition on the LSS bus. See 
QA Chip Interface Specification for more details on the format of the commands used to communicate 
with the QA chip[8]. 




ByteM 



N 



S = Start condition 
As Ack 
N = Nack 
P = Stop condition 
Shaded bits driven by slave 



Figure 63. Example of LSS read from QA Chip 
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19.3 Implementation 

A block diagram of the LSS master is given in Figure 64. It consists of a block of configuration registers 
that are programmed by the CPU and two identical LSS master units that generate the signalling protocols 
on the two LSS buses as well as interrupts to the CPU. The CPU initiates and terminates transactions on 
the LSS buses by writing an appropriate command to the command register, writes bytes to be transmitted 
| to a fifo and reads bytes received from a fifo, and checks the sources of interrupts by reading status regis- 

ters. 
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i 



SI i 
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>'22 
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B 
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Figure 64. LSS block diagram 
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19.3.1 Definitions of IO 

Table 61. LSS IO pins definitions 



Clocks and Resets 


pcik 


1 


Jn 


System Clock 


prst_n 


1 


In 


System reset, synchronous active low 


CPU Interface 


cpu_rwn 


1 


In 


Common read/not- write signal from the CPU 


cpu_adr(7:2] 


5 


In 


CPU address bus. Only 6 bits are required to decode the 
address space for this block 


cpu_dataout(3t :0] 


32 


In 


Shared write data bus from the CPU 


cpu_acode[1:0] 


2 


In 

< 


CPU access code signals. 

cpu_acode[0] - Program (0) / Data (1) access 

cpu_acode[1] - User (0) / Supervisor (1) access 


cpujss_sel 


1 


In 


Block select from the CPU. When cpu_lss_se! is high both 
cpu_adrand cpu_dataout are valid 


lss_cpu_rdy 


1 


Out 


Ready signal to the CPU. When lssjcpu_rdy is high it indicates 
the last cycle of the access. For a write cycle this means 
cpu_dataout has been registered by the LSS block and for a 
read cycle this means the data on lss_cpu_data is valid. 


lss_cpu_berr 


1 


Out 


LSS bus error signal to the CPU. 


lss_cpu_data[31 ,"0] 


32 


Out 


Read data bus to the CPU 


lss_cpu_debug_vaiid 


1 


Out 


Active high. Indicates the presence of valid debug data on 
lss_cpujdata« 


GPIO for LSS buses 


tes_gpio_do[1:0] 


2 


Out 


LSS bus data output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


gpiojss_dt[1:0] 


2 


In 


LSS bus data input 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


Iss_gpio_et1:0] 


2 


Out 


LSS bus data output enable, active high 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


lss_gpio_clk[1:0] 


2 


Out 


LSS bus dock output 
Bit 0 - LSS bus 0 
Bit 1 - LSS bus 1 


ICU Interface 


lss_icu_jrq[1:0] 


2 


Out 


LSS interrupt requests 

Bit 0 - interrupt associated with LSS bus 0 

Bit 1 - interrupt associated with LSS bus 1 
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19.3.2 Configuration registers 

The configuration registers in the LSS block are programmed via the CPU interface. Refer to section 1 1.4 
on page 69 for the description of the protocol and timing diagrams for reading and writing registers in the 
LSS block. Note that since addresses in SoPEC are byte aligned and the CPU only supports 32-bit register 
reads and writes, the lower 2 bits of the CPU address bus are not required to decode the address space for 
the LSS block. Table 62 lists the configuration registers in the LSS block. When reading a register that is 
less than 32 bits wide zeros should be returned on the upper unused bit(s) of Issjcpu^data. 

The input cpujxcode signal indicates whether the current CPU access is supervisor, user, program or data. 
The configuration registers in the LSS block can only be read or written by a supervisor data access, i.e. 
when cpujacode equals bl 1. If the current access is a supervisor data access then the LSS responds by 
asserting lssjcpu_rdy for a single clock cycle. 

If the current access is anything other than a supervisor data access, then the LSS generates a bus error by 
asserting Issjzpujberr for a single clock cycle instead of lss_cpu_rdy as shown in section 1 1 .4 on page 69. 
A write access will be ignored, and a read access will return zero. 



Table 62. LSS Control Registers 







is 






Control registers . 


OxOO 


Reset 


1 


0x1 


A write to this register causes a reset of the LSS. 


0x04 


LssCtocfcHighPeriod 


16 


oxooce 


High period of tss_dk expressed as a number of pdk 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz, corresponding to a high period of 200 
pdk (1 60Mhz) cycles for a 50/50 duty cycle. 


0x08 


LssClockLowPeriod 


16 


oxooca 


Low period of lss_dk expressed as a number of pdk 
cycles. Transmission over the LSS bus is at a nominal 
rate of 400kHz, corresponding to a low period of 200 
pdk (1 BOMhz) cycles tor a 50/50 duty cyde. 


LSS bus 0 registers 


0x10 


LssOlntStatus 


3 


0x0 


LSS bus 0 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 0 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 0 
A 1 in a bit of tssO_stetus_set signal causes the corre- 
sponding bit in LssOlntStatus register to be set. 
All the bits In LssOlntStatus are cleared when the 
LssOCmd register gels written to. 
(Read only register) 


0x14 


LssOCurrentState 


4 


0x0 


Gives the current state of me LSS bus 0 state 
machine. (Read only register). 
(Encoding will be specified upon state machine Imple- 
mentation) 


0x18 


LssOCmd 


22 


0x00 
_0000 


Command register defining sequence of events to 
perform on LSS bus 0 before interrupting CPU. 
A write to this register causes all the bits in the 
LssOlntStatus register to be cleared as well as gener- 
ating a Iss0_new_cmd pulse. 
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Table 62. LSS Control Registers 



BUBS 










0x1C-Ox2C 


Lss0fito[4:0J 


5x32 


0x0000 

_oooo 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


LSS bus 1 registers 


0x30 


LssllntStatus 


3 


0x0 


LSS bus 1 interrupt status registers 

Bit 0 - command completed successfully 

Bit 1 - error during processing of command, 

not -acknowledge received after transmission 

of primary id byte on LSS bus 1 
Bit 2 - error during processing of command, 

not -acknowledge received after transmission 

of data byte on LSS bus 1 
A 1 in a bit of tss1_status_set signal causes the corre- 
sponding bit in LssllntStatus register to be set 
All the bits in Lss UntStatus are cleared when the 
Lss 1Cmd register gets written to. 
(Read only register) 


0x34 


Lss1 Currents late 


4 


0x0 


Gives the current state of the LSS bus 1 state 
machine. (Read only register) 
(Encoding will be specified upon state machine Imple- 
mentation) 


0x38 


LsslCmd 


22 


0x00_ 
0000 


Command register defining sequence of events to 
perform on LSS bus 1 before Interrupting CPU. 
A write to this register causes ail the bits in the 
LssllntStatus register to be cleared as well as gener- 
ating a tss1_newjcmd pulse. 


0x3C-0x4C 


Lss1Butfer{4:0l 


5x32 


0x0000 
_0000 


LSS Data buffer. Should be filled with transmit data 
before transmit command, or read data bytes received 
after a valid read command. 


Debug registers 


0x50 


LssDebugSel 


5 


0x00 


Selects register for debug output. This value is used 
as the input to the register decode logic instead of 
cpu__adr[6:2] when the LSS block is not being 
accessed by the CPU, I.e. when cpu_lss__sel is 0. 
The output tss_cpu_debug_vatid is asserted to indi- 
cate that the data on tss_cpu_data is valid debug 
data. This data can be mutiiplexed onto chip pins dur- 
ing debug mode. 



1 9.3.2. 1 LSS command registers 

The LSS command registers define a sequence of events to perform on the respective LSS bus before issu- 
ing an interrupt to the CPU. There is a separate command register and interrupt for each LSS bus. The for- 
mat of the command is given in Table 63. The CPU writes to the command register to initiate a sequence 
of events on an LSS bus. Once the sequence of events has completed or an error has occurred, an interrupt 
is sent back to the CPU. 

Some example commands are: 

• a single START condition (Start - 1 , IdByteEnable - 0, RdWrEnable « 0, Stop = 0) 

• a single STOP condition (Start = 0, IdByteEnable = 0, RdWrEnable = 0, Stop = 1) 

• a START condition followed by transmission of the id byte (Start =* 1 , IdByteEnable = 1 , RdWrEnable 
= 0, Stop = 0, IdByte contains primary id byte) 
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I • a write transfer of 20 bytes from the data buffer (Start = 0, IdByteEnable = 0, RdWrEnable = I, 

RdWrSense = 0, Stop = 0, TxRxByteCount = 20) 
| • a read transfer of 8 bytes into the data buffer (Start = 0, IdByteEnable - 0, RdWrEnable = 1, 

RdWrSense = 1 , ReadNack = ft Sto/? = 0, TxRxByteCount = 8) 
♦ a complete read transaction of 16 bytes (Sterf = l , IdByteEnable = 1 , RdWrEnable - 1 , RdWrSense = 1 , 

ReadNack = 7, Stop = 1 , 7tf£yte contains primary id byte, TxRxByteCount = 1 6), etc. 

The CPU can thus program the number of bytes to be transmitted or received (up to a maximum of 20) on 
the LSS bus before it gets interrupted This allows it to insert arbitrary delays in a transfer at a byte bound- 
ary. For example the CPU may want to transmit 30 bytes to a QA chip but insert a delay between the 20 th 
I and 21 st bytes sent. It does this by first writing 20 bytes to the data buffer. It then writes a command to gen- 

I erate a START condition, send the primary id byte and then transmit the 20 bytes from the data buffer. 

When interrupted by the LSS block to indicate successful completion of the command the CPU can then 

I write the remaining 10 bytes to the data buffer. It can then wait for a defined period of time before writing 
a command to transmit the 10 bytes from the data buffer and generate a STOP condition to terminate the 
transaction over the LSS bus. 

An interrupt to the CPU is generated for one cycle when any bit in LssNIntStatus is set. The CPU can read 
LssNIntStatus to discover the source of the interrupt and can clear a bit in LssNIntStatus by writing a 1 to 
the corresponding bit in LssNIntStatus register. Alternatively the CPU can start a new command which 
will automatically reset all LssNIntStatus bits. 



Table 63. LSS command register description 







0 


Start 


When 1 , Issue a START condition on the LSS bus. 


1 


IdByteEnable 


ID byte transmit enable: 

1 - transmit byte in tdByte field 

0 - Ignore byte in IdByte field 


2 


RdWrEnable 


Read/write transfer enable: 

0 - Ignore settings of RdWrSense, ReadNack and TxRxByteCount 

1 - If RdWrSense Is 0, then perform a write transfer of TxRxByteCount bytes from the 

data buffer 

if RdWrSense is 1 , then perform a read transfer of TxRxByteCount bytes into the 
data buffer. Each byte should be acknowledged and the last byte received is 
acknowiedged/not-ackn owl edged according to the setting of ReadNack. 


3 


RdWrSense 


Read/write sense indicator: 

0 - write 

1 - read 


4 


ReadNack 


Indicates, lor a read transfer, whether to issue an acknowledge or a not-acknowfedge 
after the last byte received (indicated by TxRxByteCount). 

0 - issue acknowledge after last byte received 

1 • issue not-acknowfedge after last byte received. 


5 


Stop 


When 1 . issue a STOP condition on the LSS bus. 


7:6 


reserved 


Must be 0 


15:8 


IdByte 


Byte to be transmitted if tdByteEnabie is 1 . Bit 8 corresponds to the LSB. 


20:16 : 


TxRxByteCount 


Number of bytes to be transmitted from the data buffer or the number of bytes to be 
received into the data buffer. The maximum value that should be programmed is 20, as 
the size of the data buffer is 20 bytes. 



The data buffer is implemented in the LSS master block. When the CPU writes to the LssNBuffer registers 
the data written is presented to the LSS master block via the hsNJtntffer_wrdata bus and configuration 
registers block pulses the lssN__buffer_wen bit corresponding to the register written. For example if LssN- 
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Buffer [2] is written to lssNJmfferjwen[2] will be pulsed When the CPU reads the LssNBuffer registers 
the configuration registers block reflect the IssNJmfferjrdata bus back to the CPU. 

1 9.3.3 LSS master unit 

The LSS master unit is instantiated for both LSS bus 0 and LSS bus 1. It controls transactions on the LSS 
bus by means of the state machine shown in Figure 65, which interprets the commands that are written by 
the CPU. It also contains a single 20 byte data buffer used for transmitting and receiving data. 

The CPU can write data to be transmitted on the LSS bus by writing to the LssNBuffer registers.. It can also 
read data that the LSS master unit receives on the LSS bus by reading the same registers. The LSS master 
always transmits or receives bytes to or from the data buffer in. the same order. For example a transmit 
command 

For a transmit command, LssNBuffer [0] [7:0] gets transmitted first, then LssNBuffer [0] [1 5:8], LssNBuf- 
fer [0] [23: 16], LssNBuffer [0] [31:24], LssNBuffer [1 J [7:0] and so on until TxRxByteCount number of 
bytes are transmitted. A receive command fills data to the buffer in the same order. Each new command the 
buffer start point is reset. 

All state machine outputs, flags and counters are cleared on reset After a reset the state machine remains 
in the Idle state until lss_cmd_valid equals 1. If the Start bit of the command is 0 the state machine pro- 
ceeds directly to the CheckldByteEnable state. If the Start bit is 1 it proceeds to the GenerateStart state 
and issues a START condition on the LSS bus. 

In the CheckldByteEnable state, if the IdByteEnable bit of the command is 0 the state machine proceeds 
directly to the CheckRdWrEnable state. If the IdByteEnable bit is 1 the state machine enters the Sendld- 
Byte state and the byte in the IdByte field of the command is transmitted on the LSS. The WaitForldAck 
state is then entered. If the byte is acknowledged, the state machine proceeds to the CheckRdWrEnable 
state. If the byte is not-acknowledged, the state machine proceeds to the Generatelnterrupt state and issues 
an interrupt to indicate a not-acknowledge was received after transmission of the primary id byte. 

In the CheckRdWrEnable state, if the RdWrEnable bit of the command is 0 the state machine proceeds 
directly to the CheckStop state. If the RdWrEnable bit is 1 , count is loaded with the value of the TxRxByte- 
Count field of the command and the state machine enters either the ReceiveByte state if the RdWrSense bit 
of the command is 1 or the TransmitByte state if the RdWrSense bit is 0. 

For a write transaction, the state machine keeps transmitting bytes from the data buffer, decrementing 
count after each byte transmitted, until count is 1. If all the bytes are successfully transmitted the state 
machine proceeds to the CheckStop state. If the slave QA chip not-acknowledges a transmitted byte, the 
state machine indicates this error by issuing an interrupt to the CPU and then entering the Generatelnter- 
rupt state. 

For a read transaction, the state machine keeps receiving bytes into the data buffer, decrementing count 
after each byte transmitted, until count is 1. After each byte received the LSS master must issue an 
acknowledge. After the last expected byte (i.e. when count is 1 ) the state machine checks the ReadNack bit 
of the command to see whether it must issue an acknowledge or not-acknowledge for that byte. The 
CheckStop state is then entered. 

In the CheckStop state, if the Stop bit of the command is 0 the state machine proceeds directly to the Gen- 
eratelnterrupt state. If the Stop bit is 1 it proceeds to the GenerateStop state and issues a STOP condition 
on the LSS bus before proceeding to the Generatelnterrupt state, in both cases an interrupt is issued to 
indicate successful completion of the command. 

The state machine then enters the Idle state to await the next command. 

The CPU may abort the current transfer at any time by performing a write to the Reset register of the LSS 
block. 
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19.3.3.1 START and STOP generation 

START and STOP conditions, which signal the beginning and end of data transmission, occur when the 
LSS master generates a falling and rising edge respectively on the data while the clock is high. 

In the GenerateStart state, lss_gpio_clk is held high with Iss _gpioje remaining deasserted (so the data line 
is pulled high externally) for LssClockHighPeriod pclk cycles. Then Iss _gpio_e is asserted and 
lss_gpio_do is pulled low (to drive a 0 on the data line, creating a falling edge) with lss_gpio_clk remain- 
ing high for another LssClockHighPeriod pclk cycles. 

In the GenerateStop state, both lss_gpio_clk and Iss _gpiojdo are pulled low followed by the assertion of 
lss_gpio_e to drive a 0 while the clock is low. After LssClockLowPeriod pclk cycles, Iss _gpio__clk is set 
high. After a further LssClockHighPeriod pclk cycles, Iss^gpioje is deasserted to release the data bus and 
create a rising edge on the data bus during the high period of the clock. 

19.3.3.2 Clock pulse generation 

The LSS master holds lss_gpio_clk high while the LSS bus is inactive. A clock pulse is generated for each 
bit transmitted or received over the LSS bus. It is generated by first holding Iss _gpio_clk low for LssClock- 
LowPeriod pclk cycles, and then high for LssClockHighPeriod pclk cycles. 

19.3.3.3 Data reception 

The input data, gpio_lss_di t is first synchronised to the pclk domain by means of two flip-flops clocked by 
pclk. The LSS master generates a clock pulse for each bit received. The output Iss _gpioje is deasserted on 
the falling edge of Iss^gpio^clk to release the data bus. The value on the synchronised gpio_lss_di is sam- 
pled on the rising edge of bs_gpio_clk (the data should be averaged over a further 3 stage register to avoid 
possible glitch detection). The data is only considered as a valid bit at the next falling edge of Iss^gpiojclk 
provided a START or STOP is not generated in the meantime. 

In the ReceiveByte state, the state machine generates 8 clock pulses. On each rising edge of lss_gpio_clk 
the synchronised gpiojss^di is sampled. The first bit sampled is LssNBuffer[0Jf7], the second LssNBuf- 
fer[0][6] t etc to LssNBufferfOJfOJ. For each byte received the state machine either sends an NAK or an 
ACK depending on the command configuration and the number of bytes received. 

In the SendNack state the state machine generates a single clock pulse. lss_gpio_e is deasserted and the 
LSS data line is pulled high externally to issue a not-ac knowledge. 

In the SendAck state the state machine generates a single clock pulse. lss_gpio_e is asserted and a 0 driven 
on lss_gpio_do after lss_gpio_clk falling edge to issue an acknowledge. 

19.3.3.4 Data transmission 

The LSS master generates a clock pulse for each bit transmitted. Data is output on the LSS bus on the fall- 
ing edge of lss_gpio_clL 

When the LSS master drives a logical zero on the bus it will assert lss_gpio_e and drive a 0 on Iss _gpio_do 
after lss_gpio_clk falling edge. lss_gpio_e will remain asserted and Iss _gpio_do will remain low until the 
next lss_clk falling edge. 

When the LSS master drives a logical one Iss _gpio_e should be deasserted at lss_gpio_clk falling edge and 
remain deasserted at least until the next lss^gpio_clk falling edge. This is because the LSS bus will be 
externally pulled up to logical one via a pull-up resistor. 

In the Sendld byte state, the state machine generates 8 clock pulses to transmit the byte in the IdByte field 
of the current valid command. On each falling edge of Iss _gpio^clk a bit is driven on the data bus as out- 
lined above. On the first falling edge IdByte[7J is driven on the data bus, on the second falling edge 
IdByte[6] is driven out, etc. 
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In the TransmitByte state, the state machine generates 8 clock pulses to transmit the byte at the output of 
the transmit FIFO. On each falling edge of lss_gpio_clk a bit is driven on the data bus as outlined above. 
On the first falling edge LssNBufferfOJ [7] is driven on the data bus, on the second falling edge LssNBuf- 
ferfOJ f6J is driven out, etc on to LssNBufferfOJ [7 J bits. 

In the WaitForAck state, the state machine generates a single clock pulse. On the rising edge of 
lss_gpio_clk the synchronized gpioJss_di is sampled. A 1 indicates an acknowledge and ackjietect is 
pulsed, a 0 indicates a not-acknowledge and nack_detect is pulsed. 

19.3.3,5 Data rate control 

The CPU can control the data rate by setting the clock period of the LSS bus clock by programming appro- 
priate values in LssClockHighPeriod and LssClochLowPeriod. The default setting for both registers is 200 
{pclk cycles) which corresponds to transmission rate of 400kHz on the LSS bus. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



2a Nov 2002 
Page 192 



SoPEC : Hardware Design 



Slate machine outputs, Iss Jcujrq and 
LssStatusSet are zero unless otherwise 
indicated. 



Reset QRprst n = 0 




Figure 65. LSS master state machine 
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DRAM Subsystem 



S3 
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20 DRAM Interface Unit (DIU) 



20.1 



Overview 



Figure 66 shows how the DIU provides the interface between the on-chip 20 Mbit embedded DRAM and 
the rest of SoPEC. In addition to outlining the functionality of the DIU, this chapter provides a top-level 
overview of the memory storage and access patterns of SoPEC and the buffering required in the various 
SoPEC blocks to support those access requirements. 

The main functionality of the DIU is to arbitrate between requests for access to the embedded DRAM and 
provide read or write accesses to the requesters. The DIU must also implement the initialisation sequence 
and refresh logic for the embedded DRAM. 

The arbitration mechanism is a hierarchical timeslot mechanism providing guaranteed bandwidth and 
latency to each DIU requester, with unused slots re-allocated to provide best effort accesses. The arbitra- 
tion scheme is fully programmable. 

The interface between the DIU and the SoPEC requesters is similar to the interface on PEC1 i.e. separate 
control, read data and write data busses. 

The embedded DRAM is used principally to store: 

• CPU program code and data. 

• PEP (re)programming commands. 

• Compressed pages containing contone, bi- level and raw tag data and header information. 

• Decompressed contone and bi-level data. 

• Dotline store during a print. 

• Print setup information such as tag format structures, dither matrices and dead nozzle information. 
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Figure 66. SoPEC System Top Level partition 
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20.2 IBM Cu-11 Embedded DRAM 

20.2.1 Single bank 

SoPEC will use the 1.5 V core voltage option in IBM's 0.13 urn class Cu-1 1 process. 



The random read/write cycle time and the refresh cycle time is 3 cycles at 160 MHz [16]. An open page 
access will complete in 1 cycle if the page mode select signal is clocked at 320 MHz or 2 cycles if the page 
mode select signal is clocked every 160 MHz cycle. The page mode select signal will be clocked at 320 
MHz in SoPEC. The DRAM word size is 256 bits. 

Most SoPEC requesters will make single 256 bit DRAM accesses (see Section 20.4). These accesses will 
take 3 cycles as they are random accesses i.e. they will most likely be to a different memory row than the 
previous access. 

The entire 20 Mbit DRAM will be implemented as a single memory bank. In Cu-1 1 , the maximum single 
instance size is 16 Mbit. The first 1 Mbit tile of each instance contains an area overhead so the cheapest 
solution in terms of area is to have only 2 instances. 16 Mbit and 4Mbit instances would together consume 
an area of 14.63 mm 2 as would 2 times 10 Mbit instances. 4 times 5 Mbit instances would require 17.2 
mm 2 . 

The instance size will determine the frequency of refresh. Each refresh requires 3 clock cycles. In Cu-1 1 
each row consists of 8 columns of 256-bit words. This means that 16 Mbit requires 81 92 rows. A complete 
DRAM refresh is required every 3.2 ms. This would mean a row would have to be refreshed every 62 
cycles. Two times 10 Mbit instances would require a refresh every 100 clock cycles, if the instances are 
refreshed in parallel. Having 4 times 5 Mbit instances means a refresh is required only every 200 cycles. 

The SoPEC DRAM will be constructed as two 10 Mbit instances implemented as a single memory bank. 
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20.3 SoPEC Memory Usage Requirements 

The memory usage requirements for the embedded DRAM are shown in Table 64. 



Table 64. Memory Usage Requirements 



mmmmm 






oompressed page store 


2046 Kbytes 


Compressed data page store for BHevel 
and contone data 


Decompressed Contone 
Store 


106 Kbyte 


13624 Ifnes with scale factor 6 = 2304 pixels, 
store 12 lines, 4 colors = 108 kB 
13824 lines with scale factor 5 = 2765 pixels, 
store \£. tines, 4 cotors = lot) kd 


Spot fine store 


5 1 Kbvte 


i «>o^4 oots/iuie so 3 lines ts 5.1 kB 


Tag Format Structure 


55 Kbyte (364 dot line tags © 
1600 dpi) 

12 Kbyte (2.5 mm tags @ 800 
dpi) 


55 kB In for 364 dot line tags 

2JS mm tags (1/1 Oth inch) @ 1600 dpi require 

160 dot lines = 160/384 x55 or 2>3 VR 

2.5 mm tags © 800 dpi require 80/384 x55 = 

12kB 


Dither Matrix store 


4 Kbytes 


64x64 dither matrix is 4 kB 
128x128 dither matrix is 16 kB 
256x256 dither matrix is 64 kB 


ONC Dead Nozzle Table 1 


1.4Kbytes 


Delta encoded, (1 0 bit delta position + 6 dead 
nozzle mask) x% D nozzle 
5% dead nozzles requires (10+6)x 692 Dnoz- 
zfes = 1.4 Kbytes 


Dot-fine store 


319 Kbytes 


Assume each color row is separated by 5 dot 
lines on the print head 
The dot line store will be 0+5+10... 50+55 = 
330 half dot lines ♦ 48 extra half dot Ones (4 
per dot row) = 378 half dot lines » 31 9Kbytes 


PCU Program code 


8 Kbytes 


1024 commands of 64 bits = 8 kB 


CPU 


64 Kbytes 


Program code and data 


TOTAL 


2570 Kbytes (1 2 Kbyte TFS 
storage) 

2613 Kbytes (55 Kbyte TFS) 





Note: 

• Total storage of 2570 Kbytes will be reduced to 2560 Kbytes to align to 20 Mbit DRAM. 
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20.4 SoPEC Memory Access Patterns 

Table 65 shows a summary of the blocks on SoPEC requiring access to the embedded DRAM and their 
individual memory access patterns. Most blocks will access the DRAM in single 256-bit accesses. All 
accesses must be padded to 256-bits except for 64-bit CDU write accesses and CPU write accesses. Bits 
which should not be written are masked using the individual DRAM bit write inputs or byte write inputs, 
depending on the foundry. Using single 256-bit accesses means that the buffering required in the SoPEC 
DRAM requesters will be minimized. 



Table 65. Memory access patterns of SoPEC DRAM Requesters 









CPU 


R 


Single 256-bit reads. 


W 


Single 32-bft, 16-bit or 8-bit writes. 


SCB 


W 


Single 256-bit writes. 


CDU 


R 


Single 256-blt reads of the compressed contone data. 


W 


Each CDU access is a write to 4 consecutive DRAM words in the same row 
but only 64 bits of each word are written with the remaining bits write 
masked. 

The access time for this 4 word page mode burst Is 3 + 1 + 1 +1=6 cycles 
if the page mode select signal is clocked at 320 MHz. 


CFU 


R 


Single 256 bit reads. 


LBD 


R 


Single 256 bit reads. 


SFU 


R 


Separate single 256 bit reads for previous and current line but sharing the 
same OIU interface 


W 


Single 256 bit writes. 


TE(TD) 


R 


Single 256 bit reads. Each read returns 2 times 128 bit tags. 


TE(TFS) 


R 


Single 256 bit reads. TFS is 1 36 bytes. This means there is unused data in 
the fifth 256 bit read. A total of 5 reads is required. 


HCU 


R 


Single 256 bit reads, 1 28 x 128 dither matrix requires 4 reads per line with 
double buffering. 256 x 256 dither matrix requires 8 reads at the end of the 
line with single buffering. 

Dither matrices have start address, end address and tine advance Incre- 
ment 


DNC 


R 


Single 256 bit dead nozzle table reads. Each dead nozzle table read con- 
tains 16 dead-nozzle tables entries each of 10 delta bits plus 6 dead nozzle 
mask bits. 


DWU 


W 


Single 256 bit writes since enable/disable DRAM access per color plane. 


LLU 


R 


Single 256 bit reads since enable/disable DRAM access per color plane. 


PCU * 


R ! 


Single 256 bit reads. Each PCU command is 64 bits so each 256 bit word 
can contain 4 PCU commands. 

PCU reads from DRAM used for reprogramming PEP should be executed 
with minimum latency. 

If this occurs between pages then there win be free bandwidth as most of 
the other SoPEC Units will not be requesting from DRAM. If this occurs 
between bands then the LOB, CDU and TE bandwidth will be free. So the 
PCU should have a high priority to access to any spare bandwidth. 


Refresh 




Single refresh. 
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20.5 Buffering Required in SoPEC DRAM Requesters 

If each DIU access is a single 256-bit access then we need to provide a 256-bit double buffer in the DRAM 
requester. If the DRAM requester has a 64-bit interface then this can be implemented as an 8 x 64-bit 
FIFO. 



Table 66. Buffer sizes In SoPEC DRAM requesters 



DRAM 
Requester 


Direction 


Access patterns 


Buffering required in 
block 


CPU 


R 


Single 256-bit reads. 


Cache. 


W 


Single 32-bit writes but allowing 16-btt or byte 
addressable writes. 


None. 


SCB 


W 


Single 256-bit writes. 


Double 
256-bit buffer. 


CDU 


R 


Single 256-bit reads of the compressed contone 
data. 


Double 256-bit buffer. 


W 


Each CDU access is a write to 4 consecutive DRAM 
words in the same row but only 64 bits of each word 
are written with the remaining bits write masked. 


Double naff JPEG block 
buffer. 


CFU 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


LBD 


R 


Single 256 bit reads. 


Double 256-bit buffer 

wwuwc tuvri/ii uwiiGt. 


SRJ 


R 


Separate single 256 bit reads for previous and cur- 
rent line but sharing the same DIU interface 


Double 256-bit buffer for 
each read channel. 


W 


Single 256 bit writes. 


Double 256-bit buffer. 


TE(TD) 


R 


Single 256 bit reads. 


Double 256-bit buffer. 


TE(TFS) 


R 


Single 256 bit reads, TFS is 136 bytes. This means 
there is unused data in the fifth 256 bit read. A total 
of 5 reads is required. 


Double line-buffer for 136 
bytes implemented In TE. 


HCU 


R 


Single 256 bit reads. 128 x 128 dither matrix 
requires 4 reads per line with double buffering. 256 x 
256 dither matrix requires 8 reads at the end of the 
line with single buffering. 


Configurable between dou- 
ble 128 byte buffer and 
single 256 byte buffer. 


DNC 


R 


Single 256 bit reads 


Double 256-bit buffer. 
Deeper buffering could be 
specified to cope with local 
clusters of dead nozzles. 


DWU 


W 


Single 256 bit writes per enabled odd/even color 
plane. 


Double 256-bft buffer per 
color plane. 


LLU 


R 


Single 256 bit reads per enabled odd/even color 
plane. 


Double 256-bit buffer per 
color plane. 


PCU 


R 


Single 256 bit reads. Each PCU command is 64 bits 
so each 256 bit DRAM read can contain 4 PCU com- 
mands. Requested command is read from DRAM 
together with the next 3 contiguous 64-bits which are 
cached to avoid unnecessary DRAM reads. 


Single 256-bit buffer. 


Refresh 




Single refresh. 


None. 
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20.6 SoPEC DIU Bandwidth Requirements 

Table 67: SoPEC DIU Bandwidth Requirements 




w 



see 



w 



780 2 



0.328 



128(SF = 4), 288 (SF = 
6), 1:1 compression 3 



0.328 



0.5 



CDU 



W 



32/n 2 (SF=n), 
0.9 (SF = 6), 
2(SF = 4) 
(1:1 compression) 



32/10*n 2 (SF=n), 
0.09 (SF = 6), 
0.2(SF = 4) 
(10:1 compression) 4 



1 (SF=6) 
2(SF=4) 



For individual accesses: 
16cydes (SF = 4). 36 
cycles (SF = 6). n* cycles 
(SF=n). 

Will be implemented as a 
page mode burst of 4 
accesses every 64 cycles 
(SF = 4), 144 (SF s=6). 
4'n 2 (SF=n) cycles 5 



64/n 2 (SF=n), 
1.8(SF = 6), 
4 (SF = 4) 



32/n 2 (SF-n), 
0.9 (SF = 6), 
2 (SF = 4) 6 



2 (SF*=6) 
4 (SF=4) 



CFU 



32(SF = 4),48(SF = 6) 7 



32fo(SF=n), 
5.4 (SF = 6). 
8 (SF = 4) 



32m (SF=n). 
5.4 (SF = 6), 
8 (SF 4) 



5.5 (SF=6) 
8(SF=4) 



LBD 



256 (1 :1 compression) 8 



1 (1:1 compression) 



0.1 (10:1 compression) 9 



SRJ 



W 



128 10 



256 



11 



TECTD) 



252 12 



1.02 



1.02 



1.25 



TE(TFS) 



5 reads per line 13 



0.093 



0.093 



0.25 



HCU 



4 reads per line for 1 28 x 
128 dither matrix 14 



0.074 



0.074 



0.25 



DNC 



106 (5% dead-nozzles 
10-bit delta encoded) 15 



2.4 (clump of dead 
nozzles) 



0.8 (equally spaced 
dead nozzles) 



2.5 



DWU 



W 



6 writes every 256 16 



8 reads every 256 1 



PCU 



256 1 



Refresh 



100 19 



2.56 



2.56 



2.75 



TOTAL 



SF m 6. 34 
SF = 4: 39.5 
excluding CPU 



SF»6: 27.5 
SF « 4: 31.2 
excluding CPU 



SF = 6: 35 
excluding CPU. 
SF»4: 40.5 
excluding CPU 



Notes: 

1 : The number of allocated timeslots is based on 64 timeslots each of 1 bit/cycle but broken down to a granularity of 
0.25 bit/cycle. 

2: 50 Mbit/s is 0.328 bits/cycle or 256 bits every 780 cycles. 

3: At 1 :l compression CDU must read a 4 color pixel (32 bits) every SF 2 cycles. 
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4: At 10:1 average compression CDU must read a 4 color pixel (32 bits) every 10*SF 2 cycles. 
5: 4 color pixel (32 bits) is required, on average, by the CFU every SF 2 (scale factor) cycles. 

The time available to write the data is a function of the size of the buffer in DRAM. 1.5 buffering means 4 color pixel 
(32 bits) must be written every SF 2 / 2 (scale factor) cycles. Therefore, at a scale factor of SF, 64 bits are required 
every SF 2 cycles. 

Since 64 valid bits are written per 256-bit write (Figure 104 on page 282) then the DRAM is accessed every SF 2 
cycles i.e. at SF4 an access every 16 cycles, at SF6 an access every 36 cycles. 

If a page mode burst of 4 accesses is used then each access takes (3 + 1 + 1+1) equals 6 cycles. This means at SF, a set 
of 4 back-to-back accesses must occur every 4*SF 2 cycles. This assumes the page mode select signal is clocked at 320 
MHz. CDU timcslots therefore take 6 cycles. 

For scale factors lower than 4 double buffering will be used. 

6: The average bandwidth 1/2 the peak bandwidth in the case of 1 .5 buffering. 

7: 4 color pixel (32 bits) read by CFU every SF cycles. At SF4, 32 bits is required every 4 cycles or 256 bits every 32 
cycles. At SF6, 32btts every 6 cycles or 256 bits every 48 cycles. 

8: At 1 :1 compression require 1 bit/cycle or 256 bits every 256 cycles. 

9: The average bandwidth required at 10:1 compression is 0.1 bits/cycle. 

10: Two separate reads of 1 bit/cycle. 

11: Write at 1 bit/cycle. 

12: Each tag can be consumed in at most 126 dot cycles and requires 128 bits. This is a maximum rate of 256 bits 
every 252 cycles. 

13: 17 x 64 bit reads per line in PECl is 5 x 256 bit reads per line in SoPEC. Double-line buffered storage. 
14: 128 bytes read per line is 4 x 256 bit reads per line. Double-line buffered storage. 

15: 5% dead nozzles 10-bit delta encoded stored with 6-bit dead nozzle mask requires 0.8 bits/cycle read access or a 
256-bit access every 320 cycles. This assumes the dead nozzles are evenly spaced out. In practice dead nozzles are 
likely to be clumped. Peak bandwidth is estimated as 3 times average bandwidth. 

16: 6 bits/cycle requires 6 x 256 bit writes every 256 cycles. 

17: 6 bits/160 MHz SoPEC cycle average but will peak at 2 x 6 bits per 106 MHz print head cycle or 8 bits/ SoPEC 
cycle. The PHI can equalise the DRAM access rate over the line so that the peak rate equals the average rate of 8 bits/ 
cycle. 

1 8: Assume one 256 read per 256 cycles is sufficient i.e. maximum latency of 256 cycles per access is allowable. 
19: As an example assume refresh must occur every 3.2 ms. Refresh occurs row at a time over 5 120 rows of 2 parallel 
10 Mbit instances. Each refresh takes 3 cycles. This is equivalent to a timeslot every 100 cycles. 
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20.7 DIU BUS TOPOLOGY 
20.7.1 Basic topology 



Table 68. SoPEC DID Requesters 





'Bi 




CPU 


CPU 


Refresh 


CDU 


SCB 




CFU 


CDU 




LBD 


SFU 




SFU 


DWU 




TE(TD) 






TE(TFS) 






HCU 






DNC j 






LLU 






PCU 







Table 68 shows the DIU requesters in SoPEC. There are 1 1 read requesters and 5 write requesters in 
SoPEC as compared with 8 read requesters and 4 write requesters in PEC1. Refresh is an additional 
requester. 

In PEC1 , the interface between the DIU and the DIU requesters had the following main features: 

• separate control and address signals per DIU requester multiplexed in the DIU according to the arbitra- 
tion scheme, 

• separate 64-bit write data bus for each DRAM write requester multiplexed in the DIU, 

• common 64-bit read bus from the DIU with separate enables to each DIU read requester. 

Timing closure for this bussing scheme was straight-forward in PEC1 . This suggests that a similar scheme 
will also achieve riming closure in SoPEC. SoPEC has 5 more DRAM requesters but it will be in a 0.13 
um process with more metal layers and SoPEC will run at approximately the same speed as PEC I . 

Using 256-bit busses would match the data width of the embedded DRAM but such large busses may 
result in an increase in size of the DIU and the entire SoPEC chip. The SoPEC requestors would require 
double 256-bit wide buffers to match the 256-bit busses. These buffers, which must be implemented in 
flip-flops, are less area efficient than 8-deep 64-bit wide register arrays which can be used with 64-bit bus- 
ses. SoPEC will therefore use 64-bit data busses. Use of 256-bit busses would however simplify the DIU 
implementation as local buffering of 256-bit DRAM data would not be required within the DIU. 

20.7.1.1 CPU DRAM access 

The CPU is the only DIU requestor for which access latency is critical. All DIU write requesters transfer 
write data to the DIU using separate point-to-point busses. The CPU will use the cpu_dataout[3 1 :0] bus. 
CPU reads will not be over the shared 64-bit read bus. Instead, CPU reads will use a separate 256-bit read 
bus. 

20.7.2 Making more efficient use of DRAM bandwidth 

The embedded DRAM is 256-bits wide. The 4 cycles it takes to transfer the 256-bits over the 64-bit data 
busses of SoPEC means that effectively each access will be at least 4 cycles long. It takes only 3 cycles to 
actually do a 256-bit random DRAM access in the case of IBM DRAM. 
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20. 7. 2. 1 Common read bus 



If we have a common read data bus, as in PEC1, then if we are doing back to back read accesses the next 
DRAM read cannot start until the read data bus is free. So each DRAM read access can occur only every 4 
cycles. This is shown in Figure 67 with the actual DRAM access taking 3 cycles leaving 1 unused cycle 
per access. 



pclk| 

diu_data{63:0] [_ 



rreq(n+l) 
rreq(n+2) ' 



access n 



1 access n+F 



access n+2 



access 



unused 

cycle 
— ► 



unused 
cycle 
— ► 



rreq(n+3) 

rack(n+l) j ^ 

rack(n+2) 

rack(n-K3) 



"fc 



access 



unused 
cycle 
W — ► 



Figure 67. Shared read bus with 3 cycle random DRAM read accesses 



20.7.2.2 interleaving CPU and non-CPU read accesses 

The CPU has a separate 256-bit read bus. All other read accesses are 256-bit accesses are over a shared 64- 
bit read bus. Interleaving CPU and non-CPU read accesses means the effective duration of an interleaved 
access timeslot is the DRAM access time (3 cycles) rather than 4 cycles. Interleaving is achieved by order- 
ing the DIU arbitration slot allocation appropriately. 

Figure 68 shows interleaved CPU and non-CPU read accesses. 
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Figure 68. Interleaving CPU and non-CPU read accesses 



20.7.2.3 Interleaving read and write accesses 

Having separate write data busses means write accesses can be interleaved with each other and with read 
accesses. So now the effective duration of an interleaved access timeslot is the DRAM access time (3 
cycles) rather than 4 cycles. Interleaving is achieved by ordering the DIU arbitration slot allocation appro- 
priately. 

Figure 69 shows interleaved read and write accesses. Figure 70 shows interleaved write accesses. 



^p_njn^Tjnjn_(arijn_pjn_r^ 

I Read access I Write access 



256-bit buffered write dad 
for SoI^EC Unit n \ 




diu_data[63 



I 



Read 



256-bit buffeted write data 
for SpPEC Unit m 




Figure 69. Interleaving read and write accesses with 3 cycle random DRAM accesses 



Write data still takes 4 cycles to transmit over 64-bit busses so 256-bit buffers are required in the DIU to 
gather the write data from the requesters. 
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Figure 70. Interleaving write accesses with 3 cycle random DRAM accesses 



20.7.3 Bumwidths y 

Table 69. SoPEC DfU Requesters Data Bus Width 









mmmm 


CPU 


256 (separate) 


CPU 


32 (OPEN ISSUE) 


CDU 


64 (shared) 


SCB 


64 


CFU 


64 (shared) 


CDU 


64 


LBD 


64 (shared) 


SFU 


64 


SFU 


64 (shared) 


DWU 


64 


TE(TD) 


64 (shared) 






TE(TFS) 


64 (shared) 






HCU 


64 (shared) 






DNC 


64 (shared) 






LLU 


64 (shared) 






PCU 


64 (shared) 







20.7.4 



Conclusions 

Reads and writes can be interleaved with a separate 256-bit read bus for the CPU for minimum latency 
DIU access. Interleaving can be performed by inserting write accesses or CPU accesses between shared 
read bus accesses. The interleaving is achieved by ordering the DIU arbitration slot allocation appropri- 
ately. 
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20.8 



SOPEC DRAM ADDRESSING SCHEME 



The embedded DRAM is composed of 256-bit words. However the CPU-subsystem may need to write 
individual bytes of DRAM. Therefore it was decided to make the DIU byte addressable. 22 bits are 
required to byte address 20 Mbit of DRAM. 

Most blocks read or write 256 bit words of DRAM. Therefore only the top 17 bits i.e. bits 21 to 5 are 
required to address 256-bit word aligned locations. 

The exceptions are 

• CDU which can write 64-bits so only the top 19 address bits i.e. bits 21-3 are required 

• CPU writes can be 8, 16 or 32-bits. The cpu_diu_wmask[1 :0J pins indicate whether to write 8, 16 or 32 
bits. 

All DIU accesses must be within the same 256-bit aligned DRAM word 
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20.9 DIU Protocols 

The DIU protocols are 

• pipelined i.e the following transaction is initiated while the previous transfer is in progress. 

• split transaction i.e. the transaction is split into independent address and data transfers. 

20.9.1 Read Protocol except CPU 

The SoPEC read requestors, except for the CPU, perform single 256-bit read accesses with the read data 
being transferred from the DIU in 4 consecutive cycles over a shared 64-bit read bus, diu_data[63:0]. The 
read address <unit>_diujradr[2l:5] is 256-bit aligned. 

The read protocol is: 

• <unit>_diu_rreq is asserted along with a valid <unit>_diu_radr[21:5], 

• The DIU acknowledges the request with diu_<unit>_rack The request should be deasserted. The min- 
imum number of cycles between <unit>_diu_rreq being asserted and the DIU generating an 
diu__<unit>_rack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• The read data is returned on diu_data[63:Q] and its validity is indicated by diu_<umt>_rvalid. 

• When four diu_<unit>_rvalid pulses have been received then if there is a further request 
<unit>_diu_rreq should be asserted again. diu_<unit>_rvalid will be always be asserted by the DIU 
for four consecrative cycles. The first diu_<unit>_rvalid pulse will occur 3 cycles after. 
diu_<unit>_rack (1 cycle to transfer the address to the DRAM, 2 cycles for the read data to be 
returned from the DRAM). 



pclk 

<unit>_diu_rreq 
di u_<unit>_rack 



<unit>_diu_radr[2 1 :5] j | 
diu_<unit>_rval id 

diu_data[63:0] | • 



i 1 i 2 i 3 i n i 



Figure 71. Read protocol for a SoPEC Unit making a single 256-bit access 



20.9.2 Read Protocol for CPU 



The CPU performs single 256-bit read accesses with the read data being transferred from the DIU over a 
dedicated 256-bit read bus for DRAM data, dram_cpu_data [255: 0J. The read address cpu_adr[2J :5] is 
256-bit aligned. 

The CPU DIU read protocol is: 

• cpu_diu_rreq is asserted along with a valid cpujadr[21:5]. 
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• The DIU acknowledges the request with diujcpu_rack The request should be deasserted. The mini- 
mum number of cycles between cpujdiu^rreq being asserted and the DIU generating a cpu_diu_rack 
strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see Section 
20.13.6). 

• The read data is returned on dram „cpu_data[25 5:0] and its validity is indicated by diu_cpu_rvalid. 

• When the diu_cpu_rvalid pulse has been received then if there is a further request cpu_diu_rreq should 
be asserted again. The diu_cpu_rvalid pulse will occur 3 cycles after rack (1 cycle to transfer the 
address to the DRAM, 2 cycles for the read data to be returned from the DRAM). 



pclk 

cpu_diu_rreq 
diu_cpu_rack 




cpu_adr(2 1 :5J | | | , 



diu_cpu_rvalid 



dram_cpu_data[255:0] [ . . . ; • . | 'I 

Figure 72. Read protocol for a CPU making a single 256-bit access 



20.9.3 Write Protocol except CPU and COU 

The SoPEC write requestors, except for the CPU and CDU, perform single 256-bit write accesses with the 
write data being transferred to the DIU in 4 consecrative cycles, over dedicated point-to-point 64-bit write 
data busses. The write address <unit>_diu_wadr[21:5] is 256-bit aligned 

The write protocol is: 

• <unit>jdiu_wreq is asserted along with a valid <unit>__diu_wadr[21:5]. 

• The DIU acknowledges the request with diu_<unit>__wack. The request should be deasserted. The 
minimum number of cycles between <unit>_diu_wreq being asserted and the DIU generating an 
diu_<unit>jwack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - 
see Section 20.13.6). 

• In the clock cycles following wack the SoPEC Unit outputs the <unit>_diu_data[63:Q], asserting 
<unit>_diu_wvalid. Write data should be output as soon as possible after receiving the wack Access- 
ing registers, register arrays or SRAMs may incur different delays. The first <unit>_diu_wvalid pulse 
can occur in the clock cycle after diu_<unit>_wacL In the case of register array or SRAM access, the 
first <unit>_diu_wvalid pulse will occur 2 clock cycles after diu_<unit>_wack. 

• Once all the write data has been output then if there is a further request <unit>_diu__wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DRJ will not lock-up if four 
<unit>_diu_wvalid pulses are not provided. 
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Figure 73. Write Protocol shown for a SoPEC Unit making a single 256-bit access 



20.9.4 CPU Write Protocol 

The CPU performs single write which can be 8, 16 or 32-bits with the write data being transferred to the 
DIU over the cpu_dataout[3!:0] bus. The write address cpu__adr[21;0] is byte aligned 
The CPU write protocol is: 

• cpu_diu_wreq is asserted along with a valid cpu_adr[21:0] and a write mask cpu_diu__wmask[l:OJ to 
indicate whether an 8, 1 6 or 3 2-bit access is required. 

♦ The DIU acknowledges the request with diu_cpujwack The request should be deasserted. The mini- 
mum number of cycles between cpu_diu_wreq being asserted and the DIU generating an 
diu_cpu_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycle following diu_cpu_wack the CPU outputs the cpu_dataout[31:0] t asserting 
cpu_diu_wvalid. Write data should be output as soon as possible after receiving the diu_cpu_wack 
The earliest the cpu_4iu_wvalid pulse can occur is in the first clock cycle after diu_cpu__wack. 

♦ Once the write data has been output then if there is a further request cpu_diu_wreq should be asserted 
again. 
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pclk 

cpu_diu_wreq 




cpu_adr[21:0] |; ;| 1; : ^"""T 

cpu_diu_wmask[l:0] }. : , J \ ;i '•; ' 



diu_cpu_wack | | 

cpu_dataout[31:0] |n • / ' "~ :| f" . 

cpu_diu_wvalid | ~~| 

Figure 74, Write Protocol shown for a CPU making an 8, 16 or 32-bit access 



20.9.5 CDU Write Protocol 

The CPU performs four 64-bit writes to 4 contiguous 256-bit DRAM addresses with the first address spec- 
ified by cdu_diu_wadr[21;3]. The write address cdu_diu_wadr[21:3] is 64-bit aligned 

The write protocol is: 

• cdu_diu_wdata is asserted along with a valid cdu_diu m jvadrf2J:3J. 

• The DIU acknowledges the request with diu_cdu__wack The request should be deasserted. The mini- 
mum number of cycles between cdu_diujwreq being asserted and the DIU generating an 
diu_cdu_wack strobe is 2 cycles (1 cycle to register the request, 1 cycle to perform the arbitration - see 
Section 20.13.6). 

• In the clock cycles following wacktht CDU outputs the cdu_diu_data[63:0], together with asserted 
cdu^jdiujwvalid. Write data should be output as soon as possible after receiving the wack. Accessing 
registers, register arrays or SRAMs may incur different delays. The first cdu_diu_wvalid pulse can 
occur in the clock cycle after diu__cdu_wack In the case of register array or SRAM access, the first 
cdu_diu_wvalid pulse will occur 2 clock cycles after diu_cdu_wacL 

• Once all the write data has been output then if there is a farther request cdu_diu_wreq should be 
asserted again. 

A timeout mechanism will be implemented to ensure that the DIU will not lock-up if four cpu_diu_wvalid 
pulses are not provided. 
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pclk 

cdu_diu_wreq 
cdu_diu_wadr[22:3] 
diu_cdu_wack 

cdu_diu_data[63:0] | . . | 1 1 2 1 3 | 4 | 

cdu_diu_wvalid | — j 

Figure 75- Write Protocol shown for CDU making four contiguous 64-bit accesses 
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20.10 DIU ARBITRATION MECHANISM 

The DIU will arbitrate access to the embedded DRAM. The arbitration scheme is outlined in the next sec* 
tions. 

20.10.1 Timesiot based arbitration scheme 

Table 67 summarised the bandwidth requirements of the SoPEC requestors to DRAM. If we allocate the 
DIU requestors in terms of peak bandwidth then we require 36 bits/cycle (at SF =6) and 42.5 bits/cycle (at 
SF = 4) for all the requestors except the CPU. 

A timesiot scheme is defined with 64 main timeslots. The number of used main timeslots is programmable 
between 0 and 64. 

Since DRAM read requestors, except for the CPU, are connected to the DIU via a 64-bit data bus each 
256-bit DRAM access requires 4 pclk cycles to transfer the read data over the shared read bus. The 
timesiot rotation period for 64 timeslots each of 4 pclk cycles is 256 pclk cycles or 1 .6 us, assuming pclk is 
160 MHz. Each timesiot represents a 256-bit access every 256 pclk cycles or 1 bit/cycle. This is the granu- 
larity of the majority of DIU requestors bandwidth requirements in Table 67. 

The SoPEC DIU requesters can be represented using 5 bits (Table on page 229). Using 64 timeslots 
means that to allocate each timesiot to a requester a total of 64 times 5 configuration registers is required 
for the 64 mam timeslots. 

Timesiot based arbitration works by having a pointer point to the current timesiot When re-arbitration. is 
signaled the arbitration pointer will advance to the next timesiot. If the SoPEC Unit assigned to the current 
timesiot is not requesting then the unused timesiot arbitration mechanism outlined in Section 20.10.4 is 
used to select the arbitration winner. 

The timesiot pointer advances when the DIU issues the next command to the DRAM. Each timesiot there-: 
fore denotes a single access. The duration of the timesiot depends on the access. 

If the SoPEC Unit pointed to by the current timesiot pointer is not requesting then the slot will be allocated 
according to the mechanism described in Section 20.10.5. 



current timesiot 
pointer j 







n-l 


n 


n+I 









Figure 76. Timesiot based arbitration 

20.10.2 Separate read and write arbitration windows 

For write accesses, except the CPU, 256-bits of write data are transferred from the SoPEC DIU write 
requestors over 64-bit write busses in 4 clock cycles. This write data transfer latency means that writes 
accesses, except for CPU writes, must be arbitrated 4 cycles in advance. The [to be included figure and 
explanation] shows why this is necessary. 
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J3 



Since write arbitration must occur 4 cycles in advance, and the minimum duration of a timeslot duration is 
3 cycles, the arbitration rules must be modified to initiate write accesses in advance- accordingly. There is 
a timeslot lookahead pointer shown in Figure 77 two timeslots in advance of the current timeslot pointer. . 



current timeslot 
pointer 



n+1 



timeslot lookahead 
pointer 



n+2 



Figure 77. Timeslot based arbitration with separate read and write pointers 

The following examples illustrate separate read and write timeslot arbitration. 
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Figure 78. Example (a), separate read and write arbitration 

In Figure 78 writes are arbitrated two timeslots in advance. Reads are arbitrated in the same cycle Writes 
can be arbitrated in the same cycle as a read. During arbitration the command address of the arbitrated 
SoPEC Unit is captured. 

Other examples are shown in Figure 79, Figure 80 and Figure 81, The actual timelsot order is always the 
same as the programmed timeslot order i.e. out of order accesses do not occur and data coherency is never 
an issue. 

Each write must always incur a latency of two timeslots. If the first write occurs in the first timeslot then 
all following timeslots will incur a latency of two timeslots. This is shown in Figure 78 and Figure 79. If 
the first write occurs in the second timeslots then all following timeslots will incur a latency of two 
timeslots. This is shown in Figure 80. 
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Figure 79. Example (b), separate read and write arbitration 
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Figure 80. Example (c), separate read and write arbitration 
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Figure 81. Exampfe (d) f separate read and write arbitration 



Table 70 shows the 4 scenarios depending on whether the current timeslot and timeslot lookahead pointers 
point to read or write accesses. 

To be checked and updated: 

Table 70: Arbitration with separate windows for read and write accesses 




read write Initiate read transfer. 



Initiate write transfer. 

readl read2 Inmate readl transfer? 

write 1 write2 Initiate write2 transfer. 



write read No action. 



If the current timeslot pointer points to a read access then this will be initiated immediately. 

If the timeslot lookahead pointer points to a write access then this access is initiated immediately, or 
immediately after the read access associated with the current timeslot pointer is initiated. 

When a write access is initiated the DIU will capture the write address and will do the DRAM write two 
tiemslots in advance when the associated write data has been transfered to the DIU* 

To be checked and updated: At initialisation, both pointers point to the first timeslot The lookahead 
pointer advances to the second timeslot and the third timeslot in successive clock cycles until it is two 
timeslots ahead of the current timeslot pointer. Then both pointers advance in tandem. At each step, the 
rules in Table 70 are obeyed. This leads to the behaviour shown in the exampes of Figure 78 to Figure 81 . 

CPU write accesses are excepted from the lookahead mechanism 

Timing diagrams for these scenarios are shown in Section 20.13 Implementation. 
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If the selected SoPEC Unit is not requesting then there will be separate read and write selection for unused 
timeslots. This is described in Section 20.10.5. 

20.10.3 Arbitration of CPU accesses 

The CPU can be allocated timeslots like any other DIU requestor. If CPU accesses are interleaved between 
the shared read bus accesses then the DIU timeslots will take 3 cycles as shown in Section 20.7.2.2. The 
timeslot rotation will be faster than 256 pclk cycles. 

What distinguishes the CPU from other SoPEC requestors, is that the CPU requires minimum latency 
DRAM access i.e. preferably the CPU should get the next available timeslot whenever it requests. 

The minimum CPU read access latency is estimated in Table 7 1 . This is the time between the CPU making 
a request to the DIU and receiving the read data back from the DIU. This ignores any latency associated 
with the CPU's caching mechanism. 

Table 71 . Estimated CPU read access latency ignoring caching 



\mmmmmm 


mm 


register the CPU read 
request 


1 cycle 


complete the arbitra- 
tion of the request 


I cycle 


transfer the read 
address to the DRAM 


1 cycle 


DRAM read latency 


2 cycles 


register the read data 


1 cycle 


TOTAL 


6 cycles 



* If the CPU, as is likely, requests DRAM access again immediately after receiving data from the DIU then 
the CPU can access every second timeslot. This assumes that interleaving is employed so that timeslots 
last 3 cycles. If the CPU access latency increases to 7 cycles then the CPU will only be able to access every 
third timeslot. 

If a cache hit occurs the CPU does not require DRAM access. For its next DIU access it will have to wait 
for its next assigned DIU slot. Cache hits therefore will reduce the number of DRAM accesses but not 
speed up any of those accesses. 

To avoid the CPU having to wait for its next timeslot it is desirable to have a mechanism for ensuring that 
the CPU always gets the next available timeslot without incurring any latency on the non-CPU timeslots. 

This can be done by defining each timeslot as consisting of a CPU access preceding a non-CPU access. 
Each timeslot will last 6 cycles i.e. a CPU access of 3 cycles and a non-CPU access of 3 cycles. This is 
exactly the interleaving behaviour outlined in Section 20.7.2.2. If the CPU does not require an access, the 
timeslot will take 3 or 4 and the timeslot rotation will go faster. A summary is given in Table 72. 



Table 72. Timesfot access times. 
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CPU access + non-CPU access 


3+3 = 6 cycles 


Interleaved access 


non-CPU access 


4 cycles 


Access and preceding access both to shared 
read bus 
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Table 72. Tlmeslot access times. 





]»1 
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non-CPU access 


3 cycles 


Access and preceding access not both to shared 
read bus 


CDU write access 


3+1+1+1 =6 cycles 


Page mode select signal is clocked at 320 MHz 



CDU write accesses require 6 cycles. CDU write accesses preceded by a CPU access require 9 cycles. 
CDU timeslots therefore take longer than all other DIU requestors timeslots. 

With a 256 cycle rotation there can be 42 accesses of 6 cycles. This is just enough timeslots for SF = 4 
operation, ignoring implementation pipeline latencies. 

For low scale factor applications, it is desirable to have more timeslots available in the same 256 cycle 
rotation. So two counters of 4-bits each are defined allowing the CPU to get a maximum of cpujtimeslots 
in total^timeslots. A timeslot counter starts at total jtimeslots and decrements every timeslot, while another 
counter starts at cpujtimeslots and decrements every timeslot in which the CPU uses its access. When the 
CPU timeslot counter goes to zero before total jdmeslots no further CPU accesses are allowed When the 
total_jimeslots counter reaches zero both counters are reset to their respective initial values. 

When cpujtimeslots is set to zero then no accesses will be preceded by CPU accesses. The CPU can be 
allocated timeslots like any other DIU requestor. 

If CPU accesses are interleaved between the shared read bus accesses then the DIU timeslots will take 3 
cycles as shown in Section 20.7.2.2 Otherwise the timeslots will take 4 cycles each and the rotation will 
take 256 cycles. 

The various modes of operation are summarised in Table 73 with a nominal rotation period of 256 cycles. 



Table 73. CPU timeslot allocation modes with nominal rotation period of 256 cycles 





PI 






CPU Pre-access 

i.e. cpujtimeslots — totaJjtimeslots 


6 cycles 


42 timeslots 


Each access is CPU + non-CPU. 

If CPU does not use a timeslot then rotation fs faster. 


Fractional CPU 
Pre-access 

i.e. cpujtimeslots < totaljtimeslots 


4 or 6 cycles 


42-64 timeslots 


Each CPU + non-CPU access requires a 6 cycle 
timeslot. 






Individual non-CPU timeslots take 4 cycles if 
current access and preceding access are both 
to shared read bus. 








Individual non-CPU timeslots take 3 cycles if 
current access and preceding access are both 
to shared read bus. 


Interleaved 

I.e. cpujtimeslots = 0 


4 cycles 


64 timeslots 


Timeslot rotation is faster by 1 cycle for each 
CPU, write access or interleaved read access 



20.10.4 Sub-timeslots 

Looking at the bandwidth requirements of the DIU requesters in Table 67, most DIU requesters require 
bandwidths of 1 bit/cycle or multiples thereof. However, some of the requestors require much lower band- 
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width. This suggests that some sub-timeslots of lower granularity than a nominal 1 bit/cycle should be 
defined. 

There will be 2 sub-timeslots of 4 and 8 slots each. The bandwidth associated with each individual sub-slot 
is nominally 0.25 and 0.125 bits/cycle respectively, assuming each slot last 4 cycles. Sub-timeslots can be 
allocated to any number of main timeslots so that any multiple of the individual sub-timeslot bandwidth 
can be obtained. 



Table 74. Sub-timeslot definition 



1 








SuWtimeslot 


4 


0.25 bits/cycle 


Sub8timeslot 


8 


0.125 bits/cycle 



Each sub-slot pointer gets advanced each time it is accessed regardless if it slot is used or not 
Sub-timeslots are similar in all other ways to main timeslots i.e. 

• they can have preceding CPU accesses in a similar manner. 

• unused slots are decided by the same unused timeslot allocation mechanism (Section 20. 1 0.5). 

• a timeslot lookahead pointer is used to select writes (except for CPU writes) early to compensate for 
write data transfer latency. 



current timeslot 
pointer 



suMtimeslot 



-l 



n+1 



n+2 



sub3 timeslot 



Figure 82. Example sub-timeslot allocation 

An example sub-timeslot allocation is shown in Figure 82. 

Every time main timeslots m and n are accessed, the SoPEC unit pointed to by the pointer in sub 4 times lot 
will win arbitration and the sub4 times lot pointer will advance. Similarly, every time main timeslots n+2 
and/? are accessed, the SoPEC unit pointed to by the pointer in sub3 timeslot will win arbitration and the 
sub3 timeslot pointer will advance. 

20.10.5 Allocating unused timeslots 

Unused slots are re-allocated on a two-level round-robin basis. This is best-effort traffic. 
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Each SoPEC requestor has two associated bits, RoundRobinLevel indicates whether it is in level 1 or level 
2 round-robin, and RoundRobinEnable indicates whether it is enabled or not in the selected round-robin. 

Table 75. Round-robin selection 









RoundRobinLevel = 0 


RoundRobinEnable = 0 


Not enabled 




RoundRobinEnable « 1 


Level 1 


RoundRobinLevel = 1 


RoundRobinEnable = 0 


Not enabled 




RoundRobinEnable = 1 


Level 2 



Separate read and write round-robin trees are needed, one for read accesses and one for write accesses. 

CDU write accesses cannot be included in the round-robin allocation for write as CDU accesses take 6 
cycles. The write accesses which the CDU write could otherwise replace require only 3 or 4 cycles. 
Robin-robin allocations do not have CPU p re-accesses. 

A pointer points to the current allocated unit in each of the round-robin levels. If the unit pointed to the 
level 1 round-robin is requesting then this unit wins the arbitration and the pointer is advanced. If the unit 
pointed to in the level 1 round-robin is not requesting then the next units in the level 1 round-robin are 
examined. When a requesting unit is found this unit wins the arbitration and the pointer advances to the 
next unit. If no unit is requesting then the pointer does not advance and the second level of round-robin is 
examined in the same way as first level of the round-robin. 



Table 76. Write round-robin registers bit order 







CPU(W) 


0 


SCB 


1 


SFUfW) 


2 


OWU 


3 



20.10.6 Background refresh controller 

A background refresh controller should be implemented that will issue a refresh and pause the timeslot 
rotator in case data is about to be lost This scenario will only occur in the situation that insufficient 
timeslots were allocated for refresh. 



Doc: SoPEC_hardware_design S3 Proprietary Document 

Version: 2.3 



22 Nov 2002 
Page 220 



SoPEC : Hardware Design 



20,1 1 Guidelines for programming the DIU 

Some guidelines for programming the DIU arbitration scheme are given in this section together with an 
example. 

20.1 1.1 Implementation pipeline latencies 

The number of allocated timeslots for each requester needs to take into account implementation pipeline 
latencies. The number of timeslots is made programmable. This means 1 or 2 timeslots can be removed to 
allow for implementation latency. Each timeslot will allow for 6 cycles implementation latency in CPU 
Pre-access mode and 3 cycles otherwise for each single timeslot allocation in a rotation.. If units are allo- 
cated more than 1 timeslot in a rotation then the gap between slots may need to be reduced additionally to 
allow for implementation latency. 

20.1 1.2 Ensuring sufficient DNC and PCU access 

PCU command reads from DRAM are exceptional events and should complete in as short a time as possi- 
ble. Similarly, we must ensure there is sufficient free bandwidth for DNC accesses e.g. when clusters of 
dead nozzles occur. In Table 67 DNC is allocated 3 times average bandwidth. PCU and DNC can also be 
allocated to the level 1 round-robin allocation for unused timeslots so that unused timeslot bandwidth is 
available to them. 



20.1 1 .3 Basing timeslot allocation on peak bandwfdths 

Since the embedded DRAM provides sufficient bandwidth to use 1 :1 compression rates for the CDU and 
LBD, it is possible to simplify the main timeslot and sub-times lot allocation by basing the. allocation on 
peak bandwidths. The only variable in determining timeslot allocations then becomes the scale factor. 
If slot allocation is based on peak bandwidth requirements then DRAM access will be guaranteed to all 
SoPEC requesters. If we do not allocate slots for peak bandwidth requirements then we can also allow for 
the peaks deterministically by adding some cycles to the print line time. 

20.1 1 .4 Adjacent timeslot limitations 

All DIU requesters have state-machines which request and transfer the read or write data before requesting 
again. The time to perform this operation is greater than the time between adjacent timeslots. Therefore 
adjacent timeslots should not be assigned to a particular DIU requester because the requester will not be 
able to make use of all these slots. 

20.11.5 Line margin 

The SFU must output I bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line. 

Similarly, if the line length is not a multiple of 256-bits then e.g. the LLU could read data from DRAM 
which contains padded zeros. This could lead to a stall. This stall could then propagate if the page margins 
cannot hide it. 

A single addition of 256 cycles to the line length will suffice for all DIU requesters to mask these stalls. 
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20.1 1 ,6 Example Dill programming 

A full example to be worked out. 

Program MainTxmeslot and SubnTtmestot configuration registers (Table 82) for peak required bandwidths 
of SoPEC Units according to the scale factor used for the document. 

Program unused slots to use the round-robin allocation to share unused slots between all DIU requesters. 
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20.12 CPU DRAM access performance 

This section does not yet reflect any implementation pipeline latencies. 

The CPU's share of the timeslots can be specified in terms of guaranteed bandwidth and average band- 
width allocations. 

The CPU's access rate to memory depends on 

• the CPU read access latency i.e. the time between the CPU making a request to the DIU and receiving 
the read data back from the DIU. 

• how often it can get access to DIU timeslots. 

Table 71 estimated the CPU read latency ignoring caching as 6 cycles. 

How often the CPU can get access to DIU timeslots depends on the access type. 



Table 77. CPU DRAM access performance 











CPU Pre-access 


6 cycles 


Lower bound (guaranteed 

bandwidth) is 

160 MHz/6 = 26.27 MHz 


CPU can access every timeslot 


Fractional CPU 
Pre-access 


6 cycles 


Lower bound (guaranteed 
bandwidth) is 
(160MHz*N/P) 


CPU accesses precede a fraction N of timeslots 
where N = C/T. 
C = cpujtimeslots 
T = totaljtimeslots 
P~(6*C + 4*(T-C))/T 


Interleaved 


4 cycles 


See Section 20.12.1 


At SF « 6 t 28 timeslots available for CPU. 
At SF = 4, 21 timeslots available for CPU. 



For CPU Pre-access and Fractional CPU Pre-access modes average and guranteed CPU bandwidth are 
equivalent since the CPU is limited to a certain fraction of timeslots. 

If the CPU runs out of its instruction cache then instruction fetch performance is only limited by the on- 
chip bus protocol. With a 2 cycle bus protocol (address cycle + data cycle) the performance would be 80 
MHz. 



20.12.1 CPU DRAM access performance with interleaved access mode 

Table 78 shows the guaranteed periodic CPU access with 4 cycle DRAM access and pclk - 160 MHz. 

Table 78. Guaranteed Periodic CPU access with 4 cycle timeslots and pcJk= 160 MHz 









Timeslots left for CPU 


28.25 


21.5 


Maximum wait for timeslot 


12 cycles 


12cycles 


CPU rate 


13.3 MHz 


13.3 MHz 



Since timeslots are integral multiples of 4 cycles the maximum wait for a timeslot and hence minimum the 
CPU rate must reflect this. 
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J3 



Tabic 79 shows the average CPU access with 4 cycle DRAM access and pclk = 160 MHz This will be a 
bursty access. 



? ble 79 - Avera 9 e burst Y C p U access with 4 cycle DRAM access and pc/*= 160 MHz 



■nhmmi 




IS 


Tirneslots left for CPU 


34.95 


30.8 


Maximum wait for timesJot 


8 cycles 


1 2 cycles 


CPU rate 


20 MHz 


13.3 MHz 



Interleaving of CPU and write accesses with shared read bus accesses will mean some of the timeslots will 
take 3 cycles rather than 4 cycles. This will mean that CPU slots will be available more frequently and 
higher CPU performance is attainable. 
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20 . 1 3 Implementation 



The DRAM Interface Unit (DIU) is partitioned into 2 logical blocks to facilitate design and verification. 

a. The DRAM Access Unit (DAU) which interfaces to the SoPEC DIU requesters. 

b. The DRAM Controller Unit (DCU) which accesses the embedded DRAM. 




DRAM Access Unit (DAU) 




DRAM 




eDRAM 






Controller 










Unit 










(DCU) 







Figure 83. DIU Partition 

The basic principle in design of the DIU is to ensure that the eDRAM is accessed at its maximum rate 
while keeping the circuit latency for each access as low as possible. 

The DCU is designed to interface with single bank 20 Mbit IBM Cu-1 1 embedded DRAM performing 
random accesses every 3 cycles. Page mode write accesses, associated with the CDU, are also supported. 

The DAU is designed to support interleaved accesses allowing the DRAM to be accessed every 3 cycles 
where back-to-back accesses do not occur over the shared 64-bit read data bus. 
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20.13.1 Definition of DCU IO 



Table 80. DCU interface 





IE§8£S 


SB 




Clocks and Resets 


pdk 




In 


SoPEC Functional clock 


prsl_n 




In 


Active-low, synchronous reset in pclk domain 


Inputs from OAU 


dau_dcu_cm da vail 




In 


Signal indicating a DAU command is available i.e. 
dau_cmd_adr, dau_cmd_rwn and dau_ cmd_re fresh are valid. 


dau_dcu_cmdadrf21 :5] 


17 


tn 


Signal indicating the address for the DRAM access. This is a 
256-bit aligned DRAM address. 


dau_dcu_cmd/wn 




In 


Signal indicating the direction for the DRAM access (1=read, 
0=write). 


dau_dcu_cmdrefresh 




In 


Signal indicating that a refresh command is to be issued. If 
asserted dau_cmd_adrand dau_cmd_rwn win be ignored. 


dau_dcu_wdata 


256 


In 


256-bit write data to DCU 


dau_dcu_wmask 


256 


In 


256-bit write data mask to DCU 


dau_dcu_wvafid 


17 


In 


Signal indicating valid write data and write mask. 


Outputs to OAU 


dcu_dau_cmdaccept 




Out 


Signal indicating that the DCU has accepted a valid command 
from the DAU. 


dcu_oau_refreshcomp lete 




Out 


Signal indicating that the DCU has completed a refresh. 


dcu_dau_rdata 


256 


Out 


256-bit read data from DCU. 


dcu_dau_rrvaBd 




Out 


Signal indicating valid read data on dcv rdata. 


Outputs to ORAM 




Inputs from ORAM 


i i i 
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20.1 3.2 Definition of DAU IO 



Table 81. DAU interface 





(MB 






Clocks and Resets 


pdk 


1 


In 


SoPEC Functional clock 


prst_n 


1 


In 


Active-low, synchronous reset In pdk domain 


CPU Interface 


cpu_adr{9:2) 


8 


In 


CPU address bus. 8 bits are required to decode the 
address space for this block 


cpu_dataout[31 :0] 


32 


In 


Shared write data bus from the CPU 


diu_cpu_data(3 1 :0) 


32 


Out 


Configuration, status and debug read data bus to the CPU 


cpu_rwn 


1 


In 


Common read/not-write signal from the CPU 


cpu_acode[1;0] 


2 


In 


CPU access code signals. 

cpu^acodefO] - Program (0) / Data (1) access 

cpu_acode{1 j - User (0) / Supervisor (1) access 

The DAU will only allow supervisor mode accesses to data 

space. 


cpu_diu_sel 


1 


In 


Block select from the CPU. When cpu_diu_sef is high both 
cpu_addrand cpu_da taout are valid 


diu_cpu_rdy 


1 


Out 


Ready signal to the CPU. When diu_cpu_txiy Is high it indi- 
cates the last cycle of the access. For a write cycle this means 
cpu_dataouthas been registered by the block and for a read 
cycle this means the data on diujcpu_daia is valid. 


diu_cpu_ben 


1 


Out 


Bus error signal to the CPU indicating an invalid access. 


DIU Read Interface to SoPEC Units 


<unit>_d1u_rreq 


1 


In 


SoPEC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


<unit>_diu_radr[21 :5] 


17 


In 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_<unlt>_rack 


1 


Out 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on <unit>_diu_radr 


dlu_data{63:0] 


64 


Out 


Oata from DIU to SoPEC Units except CPU. 
First 64-brts is bits 63:0 of 256 bit word 
Second 64-blts is bits 127:64 of 256 bit word 
Third 64-bits is bits 1 91 :1 28 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit word 


dram_cpu_data[255:0J 


256 


Out 


256-bit data from DRAM to CPU. 


diu_<unit>_rvalid 


1. 


Out 


Signal from DIU telling SoPEC Unit that valid read data is on 
the diujdata bus 


DIU Write Interface to SoPEC Units 


<unit>_diu_wreq 


1 


In 


SoPEC unit requests DRAM write. A write request must be 
accompanied by a valid write address. 


<unit>_diu_wadrf21 :5] 


17 


In 


Write address to DIU except CPU, CDU 
1 7 bits wide (256-bit aligned word) 


cpu_adr(21:0] 


22 


In 


CPU Write address to DIU 

22 bits wide (8-bit aligned word) 

Addresses cannot cross a 256-bit word DRAM boundary. 
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Table 98. CDU registers 



0x64 



JpgDecTData 



0x66 



JpgDecPValue 



0x6C 



JpgDecStatus 



22 



0x0000 



0x0000 



0X00^0000 



pot byte of the first 8x8 block of the test data 

12 - TSOB output of CS1650, indicates the first out- 

put byte of each 8x8 block of test data 

ILSJ 1 f ! output test port " <*W OCT 

coefficients or quantized coefficients depending on 
value of JpgDecTType. 9 



22,5,3 Typical operation 



Decoamg parameter bus which enables various 

parameters used by the core to be read. The data 
availaWe on the PVaiue port is for hfbrrnaZ^ 
and does not contain control signals for the decoder 

Bjt 21 -^core_ste,/<rf set indicates that the JPEG 
halfblock doubJe-buffefs of the COU are full) 
£^;£^-^ W(This an output from 

ate19-16 - ^contents (FIFO at input of JPEG 
decoder core) 

CS61S0 (see Table 100 for description of bltel 



tlie CDU should only be started after the CFU has been started. 

/Lines. Users then set th^DW^V^'^ ' "^T 3 ^^ Bu ^- ndBlockAcir and NumBuf- 
for the band has finished being rSd t , FTS? J? ^ ^ *• Com P ress « 1 «>«tone dak 
indicating that the rn^^^J^^"^^^ **U be sent to the PCU and S5 

band of contone data. ^ ' S now Processing can now start on the next 

for restarting the CDU betweenl^S: ^ * 1 * NaetBa »^nabte. There are 4 mechanisms 

*K«Wercn registers, and sets uSS££^SS^ ~* ** extB<uu * Va ^^~ 

rent band. At the end of the current baadme ^nir^f before m6 of me cur ' 

^yl.meCDUstartspro^mgtentt^ 

c *^ u to *re^^ 

the next bani^algSs^ 

advance and store me band commands in oV^yZ^ZT* ^ * 
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22.5.4 Read control unit 



gram the CDlTs next band shadow registers and sets the /few5anrf£ftah/e^it ^^^ man< ^ P ro * 
ing again. An interrupt is sent to theCPU v aWa,t a reset bcfore start ^g decod- 



receiving the data from the DIuT^lSSe^h^ , ?^ " Singlc 25W,it 
accesses to DRAM is described iSSlSo J| on^O*^ ^ ™ C PIOtOCo1 iBd ^ for r «d 
by means of the state machine descrS £ TiguJe lOL ^ t0 DRAM » ^P^ented 

it whether to attempt to ^ab^d'ofc^^ 

does nothing. When DoneBand is clear, the i stSm^S? JS.I?^. DoneB and ^ set, the state machine 
up to 256-bits at a time while there is ^ sPacTalaTbttT '°"" to A°f ^ f<> ™e ^EG input HFO 
knowledge about numbers of blocks^ or .S^l , °" Note *" 4,5 ststte ^hine has no 

by consecutive reads from SSSfS D^Tr^lw^ " " ^ JPEG nFO 

^-^peakDRAMreadb^ 

diu_cdu_rvalid beina as^rt^ asserted. As each 64-bit value is returned, indicated by 

end_ofj£^ ore * aSSeited ' W««U-* xs compared to both end_j*urc e _adr anj 

' rcoTu^^ «UCW control signal sent to the 

" ^^LtTf^ d - « «^«^. then 

whether «^«nJWr aTsTeouals^L Tift", £ " f^-*""*^* + I. depending on 
FIFO is 0. qMlS end -°f-J> a ^re. The end_ofJ,and control signal sent to the 

currjiource_adr is output to the DIU as cdu_diu_radr. 

incremented. X 8856111118 F y 0 ^ r » ***fifo-.conterus(3:0] and Jl/o_wr_adr{2:0J uc both 

J^^^r^^jfe^ 15 t0 ^ *" *~ « data available in 
data from the FIFO. H^^^^^^^'S^f 1 ^ When * is re ** » — 
ister to 1. fa this case data is ^S^£^iS^^SS^ i^l*' ByptUSjp * 
decoder is riot stalled Opfrcore stall ZiT,!? to the half-block double-buffer. While the JPEG 
a byte of data is coJ^C^^^^ ( ^ 5 ^ P £ ******* « *>* L 
next byte. The read address is byte ali^edST VZ^jS? 1 1 " " increment «d to select the 
DytC ^'S" 60 ' >•*• toe upper 3 bits are input as the read address for the FIFO 



SoPEC : Hardware Design 



S3 



ccfu_dju_rreq = 0 
^nore_data * 0 

Q reset ^ 



odu__dlu_rreq = 0 
ignof e_data « 0 



»^ idle 



< 



cdu_dJu_rTeq «= o 
fgnore.data - 0 



req 



cdu_dw_jreq « v 
Ignore.data ■ 0 



C 



fife ponton* <-ffifa 
oau_diy_rreq « 1 
tgnore.data » 0 



ack 



dhj cflu pcfc — j 



cdu_diu_rreq o 0 
tonore_data - 0 



read 



> 



and ffpumn mtr 



Figure 101. State machine to read compressed contorte data 



22.5.5 Compressed contone FJFO 



^^^^ 8 j2^2r nd 6 f' h bitS W j^A° «~""^ - *«* accesses), 
tea to the tlFOfaS an LT/Tifl Whenever 64-bit data is wri - 

<o^W brt ^Hf fcL ta^SiSSSSS ^ 8 E 8150 PaS f d ta fr ° m * e read control unit The 
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^^iX^ClcfpEG^^^" 6 by ^ ° f ralidBytesLastFetch are valid bytes 

FIFO (as an additional effect of this ; & SuT^ GOm ^ ss ^ intone data has been read from tL 
tone data m ust be more than 4x oTbit o^32 b^es! EEST"* * *" 



22.5.6 CS61S0 JPEG decoder 



the CS6150 JPEG decoder core can™ « IB^Sz £J nV, ^ M ^ ^^ve stated .na" 
which a gated version of the system dock ncik * T * Chno,o ey>- The * clocked by*/* 
JPEG decoder on a single colo?^ 22 ST*? 3 f ° r ^ 

*e PixOutEnab input to the JPEG decode* H«^2 '.f™ ° f T** ^ * 8150 pr0vi ^ by 
£tdt^ 

quantization tables, restart interval dS^^^"" for *e Huffman tables. 
£ ' p EG bytestream automatically detecting IS£T£Sl5 ™< deCoder ^ — checks 
fymg the JPEG segments the decoder K ^E e !l ? ' Segments - After identi- 
as appropri^. A^y errors detected in theTySam^^ !£ appropriate units to be stored or processed 
^-.*™*und,^ 

Lines (DNL) marker at the end (normally J^fo!^ mJ\? Ima « e 1135 a Define Number 
ta*th •. Hi, is , moiifl^ , 0 ** 0f *• DNL " artte '»' i»»e» t™. U»a «k toes 



«2.5.S.» JPEG decoder parameter bus 



mines which internal parameters^TSlS on ™ ^ J" b * <deCt0r mpUt <^«*%*0 deter- 
the PH*. port does not cental SSS^SS" ^ ^ ^ a - labl « « 



Table 99. Parameter bus definitions 
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Table 99. Parameter bus definitions 



0x3 00-^CUM3*)l 



CsO[7:OLTqO[1:OLVOf2:01 



0x5 



CsO: Identifier for the first scan component 
TqO: quanfeafion table identifier for (he first scan compo- 

v£ue^T mp,in9 faCt0r fof me firet sean ««*oneiiL 
£S2£Z faCt0f fef "" fir5t SC3n —P- 



0x6 



0x7 



Cs2(7:OLTq2t1.0LV2|2:0] 
_H2J2:0] 

Cs3(7:0LTq3I1:0LV3p.-0] 
_H3(2:0J 



Cs2. Tq2. V2 and H2 for the second scan component" 
V2. H2 undefined if N SO 

Cs3. Tq 3l V3 and H3 for the second scan component " 
V3, H3 undefined if NS<4 



0x9 



OxA | ORI[15:0) 



OxB 



000_HMAXp:0LVMAX[2.- 
0]_ MCUBLK[3.01.NSI2:0] 



HMAX- maximal horizontal sampling factor in frame 

VMAX. maximal vertical sampling factor in frame 
W^o,^ per MCU of the currentscan. 

NS: number of scan components in current scan, 1-4 



2Z5.S.2 JPEG decoder status register 

The status register flags indicate the current state of the CS61S0 «~. ra H« un. 

ug the decoding process, the decompression ^cessk S iPEoS m /™ T is detected dur * 

sent to the CPU by asserting cdu icu msZZZ ^l TV? T dcCOder 15 sus P ended ^ d «n interrupt is 
and^ecW). J* also^ed SSSTSuSS,^ k T^f ° f0/ ^ Sw 
the JpgDecStotus register The SlM 030 Check Ac °f*e error by reading 

J«Ui or by a softer £ SS^StSl 2^ by —*<« -2 

high to indicate an error condition as denn^SS ** * ^ * ™* ** 

is required from the userl llZy of u^h^ST * ° f ° eXt ^ ^ so no intervention 

ceUation. the core ^ " ft L*^, ^ ^ f ° ,,0Wing ^ error ca »- 
more errors. PUt ^ ^ ^ next Start ° f Image (SOI) without triggering any 

^S; fthC - bC m0nit ° red ^ ° b ~™ 8 - vaiues of 7*^ / DctlnProg, DednProg 



l^^i^tL dccoder status re9<ster da ""'"o"« 



15-1 2 
11-8 



TblD^ff7:4] 
TWOef[3:0j 



OecHfError 



Indicates the number of Huffman tables defined, IbftAaM e. 
Indicates the number of quantization tables defined, IbH/table? 



Set wnen an undefined Huffman table symbol is referenced during deco^ 
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Table 100. jpeg decoder status register definitions 



CrJError 



HtError 
Qt Error 
OecErrof 



IDcttnProg 



DeclnProg 



JpglnProg 



22.5.7 Half-block buffer interface 



Set when an invalid SOF parameler or an 



Set when an invalid DHT segment is detected. 



Set when an Invalid DQT segment is detected. 



Set when anything other than a JPEG marker is Input 
Set when any of DecFlags[6:4J are set 

Set when any data other than the SOI marker is detected at the start of a stream 
Set when any SOF marker is detected other than SOFO. Set if Incomolete Huff " 
man or quantization definition is detected. incomplete Huff- 



55 data of a ■ can - c,eared ^ ,DCT 



For each scan this signal is asserted after the SigSOS (Start of Scan Spo^m 



to stal! the JPEG decoder core atS"^on *bS MG^V^^ ^ * 11510 be ab,e 
pixel). We provide a mechanism for staES! T^' "V*" 32 P" els < 8 bits P" 

half JPEG blocks to decouple JPEG ^2^^ rMp ° n f lble f°' pr0vidln 8 8 «* of double buffered 
DRAM (write control umtTSata comin^t f ^VT? fr ° m ^ blocks to 

only a single color plane. Da^tsTufe^! ^Te^ "** ^ °* iS * WtitieS * 

—St^^r 8 ° f 2 " h * b ^rs and some simple 



ptx_ocrt_vaJW 
ipQ_core_sta!l ^> 

Jdk_enabte + 



pixaJ_data 




cdu_diu_data(63:0} 



Figure 102. Block diagram of half-block buffer Interface 
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22.5. 7. 1 Half-block buffer select unit 



thas case, each buffer is a half JPEG block, i.e. 32^™^^. * *" ^ ^ * In 

^iw.aiw%r^^ and 

^fl^J^. When^^r to * e JPEG^^ equals 

the production of pixels. The clock gating is performed t £ ^tw£» k, ? 7° rc 18 ^ ° ff 80 88 10 sto P 
output from the CDU. When juKE hT^* , ^ Mock under control of theyW* ^ 
WU* is the inverse^Si^. ' ^ Wtaa is °- yc7* is 0 

^^-^r 0 7tii ^sasKis vss r — 

merited whenever pir bi// va/W is 1 »ndZ*L? received from the JPEG decoder core. It is tncre- 
P^countf+OJ isV, b&ZJtl tml^LrZ ^ value. Wh" 

'*-™0^*/ANDed^ 7116 equals 

ANDed with rd_adv. JPg-Core_stalL The output <en equals halfjblock_ok^to_read 



22.5.7.2 Contone plane buffer 

^chcontone plane buffer consists of two half JPEG block buffers 



as shown in block diagram form in Fig- 



rdjxjfl 

rd_en_ 
wr_buff. 



pixel_ 



fd fin.. 



ttf> 



Pjgefdate 



wr en 



JPEG 
half-block buffer o 



rden 



pixel data ^ 



JPEG 
hatf-blodc buffer! 




-2- 



odu_dfu_data(53 .tJ] 



contone plane buffer ( 



Figure 103. Contone plane buffer Interface 

tad «tte to, shift Sster to 8-bic Ste ^„ Jltf ST " * <M - bit b 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29HBv2002 
Page 281 



SoPEC : Hardware Design 



J3 



22.5.8 Write control unit 



ORAM word p 



DRAM 



4 line 
store 



■ — 

r 



4 line 



DRAM wordq 
DRAM word q+4 



255 



191 



JPEG block 0 
Cnes 0 to 3 



127 



JPEG block 1 
Ones 0 to 3 












JPEG block n 
Ones O to 3 



JPEG block 0 
Cnes 4 to 7 



JPEG Nock 1 
fines 4 to 7 



DRAM word q+4n 



JPEG block n 
fines 4 to 7 



255 




Htt^SSttS: tf** » consecutive 



words In one DRAM row. for adnata" 
CDU access to DRAM ^ 



s to DRAM 
CX- Color X 

IY - Une Y or 8 bytes of a fine In a JPEG block 



as 



R»». 104. ORAM Mo™,. ,„ , .,„„,„ „„, „ JpEG M 

block 0, color 0. line 0 in word p bits 63-0 u M i < 

o • p cs 63-0, line 1 in word p+1 bits 63-0 

line 2 « WO rd p . 2 blta 63 . 0< linfi 3 ln ^ ^*£J 3 £ o 

bloc. 0. color 0. Une 4 in word q bit. line 5 in wo rd Q+1 bit . 

Ixne 6 xn „ord q+ 2 bit. 63-0. line 7 in word\ + 3 bits 63 0. 

bl ° Ck °' COl ° r l « iS 2 i" W ° r H P , bitS 127 -"' lin ° 1 — P*l bit, 127-6, 

line 2 in word p + 2 bit. 127-64. line 3 in word p + 3 bit, 127-64. 

bloc, 0. color 1. line 4 in word q bit. 127-64. line 5 in word q+1 bit. 127 64 

Une 6 xn word Q+ 2 bit. 127-64. line 7 in ^rt q+3 bl ^7*64. 
repeat for block 0 color 2, block 0 color 3 



etc. 
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■ ^ from ^ 

the individual bit write inpu£ of the D^S Wen ^ * 0uU DOt te « masted u^g 

only 64 bits out of the 256-bit access to /J?^^ COntone ^ *e CDU 

by the DIU. This means that the decompressed^ the «™ g bits of the write are masked 
wnte masted accesses to 4 consecutive 55 S'SiXr ^ " 4 ****** «-bi, 

cycles. All counters and flags should be cleared aSr^sef ^ r i * **** 4 * 64 bits « 
ft Sh ° UW ^ **« value. WWle^c S IS <*> W^uons from 0 to 1 all counters 
half_block_ok_to_read and //ne jfore o* to 3,! fl„ tV^. 15 State niachine relies on the 

block to DRAM. Once the 1^52^"2& S££ ^ttSS* 0 * to a ^ » 
requests a write access to DRAM by ^1^^ ^ ^ 0 Wock - ** ^ machine 
»ng to the first 64-bit value to be JL^mT£ ^tSXTlS* ^ C0 ^PO"d- 
access of 4x64 bits is issued by the CDU Th7Sm (only 1,16 address **= 6151 64-bit value ineach 
fourth 64-bit values). The state mt toe ^aS^etT^ £ for ^d 

»ng a read of 4 64-bit values from the tajSStffcr^SXS f*™ 1 '** from DIU before imtiat- 
put cdu^diu^alid is asserted in the cyde after rtlTZ *? by ^t^ 6 for 4 ^les. The out- 

the cdu^data bus and should be wri«« to SSSSST' 10 ™ DIU is present on 

« then sent to the half-olock buffer inSaS to fi^^ BD ^ **^>*£*p»ta 

" tl*^ Write a<MreSS ou tput to DRAM 

// corresponds to linemnnber, only first 

cdu_diu_wadrr4 : 3] - color TO flenerat «« «=h eS o bits of the address 

if (half == i) then 

Gi3r . diu _ wadrI21l7J „ upr.Halfolo.^ „ f<jr ^ ^ ^ ^ ^ 
cau. d i_ adrI21:7) . n ^ iinea o 3 of jpRj 

// update half, color, block 

if (r^.halfiToJ : «\^T fa " e ' ^ access 

if (half l) t h eri 
half * 0 



if (color «= raaxj>l tt ne> then 
color c 0 



" pulsfwrrd^r" 0 ^' thCn " Snd ° f Wrlti «S - "ne of J peg blocks 



block = o 



// 
// 



update half block address for start of ne*t n„ * 

account of address wrapping in circuW T rf JPEG blocks takin * 

X tupr halfblock_adr == buffed 2rSL * °" Set 

upr_halfblock_adr » buff .tart^V 
elsif (upr_halfblock_adr 

upr_halfblock_adr = bu££ st „t !dr bu «-e"d_«dr) then 

else — — 
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else Upr - halfbloc ^ = UPr_halfblock___r + __x__ lock . 2 
block ♦+ 

upr_halfblock_adr + ♦ //mm,* ^ 

else " to ^dress for lines 4-7 f or next block 

color ♦ •»• 

else 

half * l 

if (color »= max__plane) then 

if (block raax.block) then // end of writing - i ■ 

cna or siting a line of JPEG blocks 

lwr h*lfblock_ ad r » buff_ 8ta rt_ a <Jr ♦ n»x_block + 1 
elsif {lwr_halfblock_«dr + m_x_block ♦ 1 V „ 

eis ^-h»"block_ adr - buff_ Bt -"!TL then 

lwr_halfblock_adr = lwr_h.lfblock_.dr + -«_block ♦ 2 



else 

lwr_halfblock_adr 



// move to address for lines 0-3 for next block 



Doc: SoPEC_hardware design 
Version: 2.3 



S3 Proprietary Document 



29 Sf5v2002 
Page 284 



SoPEC : Hardware Design 



J3 



Reset oq prst n=*=Q 
cdu_dftj_wreq « o 
cdu_diu_wvaKd * 0 

reset 



cdu_dlu_wreq «* 0 
cdu_dtu_wvaGd «* o 



rd^adv 



rd_adv - 0 
*v_haff _btock t 



— C 



idle 



c 



Cdu_d2u_wreq « 0 
cdu_diu_wvaiid o 0 
rd_adv ■ o 

rtUadv_half_bk>ck « 0 



req 



c 



> 



CdLI_dlli_WrM - 1 

cdu_dfu_wvai]d a o 
rd_adv»o 

rd_adv_halt_block ° 0 



ack 



c 



J 



cdu_diu_wroq * 0 
cdu__diu wvaljd«o 
rd_adv « 1 

rd_adv_hal(_blo<* = 0 



read 



c 



cdu_dlu_wreq •= 0 
°du_dtu_wvaBd «r i 
rd_adv » 1 

*d_adv_haif_blcK* - 0 



write 1 



c 



cdu_dlu_wreq » 0 
cdu_diu_ wvafid « i 
rd_atfv * i 
^adv_haMLbtock - 



write2 



c 



:> 



cdu_d1u_wreq = 0 
cdu_dfu_wvaud « 1 
rd_adv» 1 
fd_adv_harf_Noc* = 



write3 



c 



D 



cdu_dlu_wreq «= 0 
cdu,diu_%waiJd * 1 
rd_adv «= 0 

rd__adv_half_Wo<* » 0 



write4 



> 



cdu_diu_wreq m 0 
cdu_dtu_ wvaJ id » 0 
fd_sdv « o 

rd_acfv_haffJ*ock - o 
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22.5.9 Contone line store interface 

Tne contone line sto re interfkS prov,^ *e mec^l Z^' ^ ?t ^ ^ 

write to. Thus the size of the Une store* DrZTZS^ JT n ° w !. becomes free for the CDU to 
line store interface is 8 toes. proSg J^TS? UneS - 1116 1111,11111,1111 size of 
scheme while 16 lines provides a doluSr s Seme ^ ** 12 f ° r a 15 buffer 

set to the value of nwn buff lines The CDUn^v n„l?^ 9°^*°™]™* ° *> 1, num.flne^va// is 
available for 8 lines, indicS^en ^VnTZ^^ DRAM as long as there is space 

writing 8 lines, the write aj&l£ j^ZZ^^J?" ~ *• CWJ has finSed 

CFU. and numjines avail is dcCTememeT Z 7 P £ ^ C '° con,onc «ore interface and the 
//^ore.o* , 0 Hereto be set L^T^SS?!. * COntr ° 1 «* *« for 

Priately. and sen* its ^ £ V*"^ to —**»» appro- 

itnnishes.adingthen,.^^:;;^ 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



circular buffer in DRAM^ZZZto^J^ «*» ^ layer from the 

color inversion in up to ^olo^esT^clStSTS J""" YQ ?£ RGB followed by optional 
formed in the horizontal and verricJ TdSoTby ttl:m t t^S ** SCahng ° f ^ is P~ 
pnnter resolution. Non-integer scaling is w!SL2d £ ?*. *" °. UtpUt to ^ HCU the 



23.2 Bandwidth requirements 



S?^" ** fr ° m DRAM » *e rate at which the contone data 

direction is performed at the ou** toiZcW o^St T?" * i 600 ^ R ^««tion in the X 
tion is performed by the CFU r^g 1^ ^? n ^£t r ^ ^ rcplication in ^ Y 
DRAM. The HCU generates 1 doTfcf-level in ^ to ^ Y-scale factor, from 

1 side per 2 «^ndsV^b ^ "> a print speed of 

color contone pixel (32 bits) every If l fi^f needS to bc * 4 

from DRAM at 5.33 1 bto/cycleT ^ fOT 4 001015 at 267 p P'' CFU read data 

23.3 Color space conversion 

^cofoX^^ 

and K, directly represented by CfSc SJ? ' <MBP * *" *"* 00,015 may * C ' M - V. 

multi-SoPEC printing with exactcoloS * « old - metallic green etc. for 

S^^&t;^ visible quality when luminance and chrominance 
luminance infoLation andsc WneedTo t b f K luiainancc . but C, M and Y each contain 

fore provide the means by which SSlta^S ^TScf K d^T ^ ™ ^ 
sion. H ^ 10 iortL 25 ^ CrCb. K does not need color conver- 



I. 32 bits/ 6 cycles = 5.33 bits/cycle 
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?TSS£: " ^ COl ° r ^ f one of: 

coior piane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb, conversion to RGB 

• 4 color planes, no color space conversion 

- ^Planes YCrCbX. conversion of YCrCb to RGB, no co.or conversion of X 

23.4 Color space inversion 

may be used to provide ptona? correlation ~5h22£ T^™* * be <* « 

The^RGB^o CMY conversion is given by the relationship: 

• M = 255-G 

• Y-255-B 

Th^rektionships require the page RIP to calculate the RGB from CMY as follows: 

• G = 255 - M 

• B = 255 - Y 

23.5 Scaling 

^°mt^ 

sented by a numerator and a dTomu^ oS^ST" T? 1 *^ ""^ ™* *° scale factor £pre- 
should be greater than or ^ZZo^tfZltTs^T ? t ™° r 

the numerator is programmed as 5 and the denommS ^SSj «P by a factor of two and a half. 



if (count + denominator 



numerator >= 0) then 



count = count ♦ denominator - numerator 
advance = l 
else 

count = count «■ denominator 
advance = 0 
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23.6 Lead-in and lead-out clipping 



J3 



block , bolow) ffi?»U^E27.??- M< " k ~ *' """"'■W ° f «" 2 SoPECs (JPKs 
■WyseaMgUttl^c^itoM™ Pixels to tt^JPRnhi^Tvi ^ C «1 me lglrored by appro ^. 
UaJInClipMm register. *"*" *° ** ' e ™ >red " *• «" « f «** lino is sped «ed by fte 

It may also be the case that the CDU wri tp« m it m^r* n>x?^ i_. i . - 

as shown for SoPEC U2 hdSSSTSS SSJS22lIS « F^ 0 ? * the CPU. 
spond to JPEG block m but the value fnrth^L ■ « f **MaxBlock register in the CDU is set to corre- 

block Thus JPEGl^^oT^y^Su^ » Set <° — P- * ™ 



SoPEC #1 
teaoMnarea 



SoPEC #2 SoPEC #1 
JeatHn area g lead-out area 




SoPEC #1 prints left 
side of page 



SoPEC #2 prints right 
side of page 



Figure 106. Lead-in and lead-out clipping of contone data In multi-SoPEC environment 
trols the scaling of the last Jfdpixj SEX to £ HCU ^ » d — 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



J3 



DRAM Interface Unit 




_ Contone 
Decoder Unit 



> 8 



1 



wrjbuff, rd_boff 



decompressed! 2 ^ wr.en.rd en 
contone bufferj ^, wr_seiti:Ol njJ5p 5 



Y-scaiing 
control unit 



71 

5 5 



K ^Cfa CF 

color space converter 
°P3 cp2 cpl cpO 



^ YCrCb2RGS 



I <nwft_color_plane 



r 



t5' 



15 



configuration 
registers 



,"32 



i 



lev's 



output 
double-buffer 



2^ wr_buH. rd huff 



'a /'a 



1 » 

^ Hne8 ok to f aaH 


1 V 

contone 
line store 
interface 





3/3 



X-scaHng 
control unit 



r 32 



Contone 
FIFO Unit 



S 



u 



HaJftone/Compositor Unit 



a c 

U 



PEP Controller Unit 
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23.7.1 Definitions of I/O 

Table 101. CFU port list and description 




pcu_cfu_se! 



pcu_rvm 



pcu_adr(6:2) 



pcu_dataout(31.-0I 



cfu_pcu_data[3 1 :0] 



OIU Interface 



cfu_dTu_rreq 



dhj_cfu_rack 



cfu_dlu_radrt21:5] 



diu_data[63:0] 
CDU Interface 



HCU Interface 



hcu_clu_advdot 



cfu_hcu_avaif 



cfu_hcu_c0data{7:0] 



cfu_hcu_d dataf7.-0) 



cfu_hcu_c2dalaf7:0] 



f^J>ctcc3data[7:0J 



32 
1 



in 



In 

Out 



Out 



Block select from the PCU. When pcu_cfu_$e/ is high both 
pcu__adrand pcujdataout are valid. 



Common read/not-write signal from the PCU. 



PCU address bus. Only 5 bits are required to decode the 
address space for this block. 



Shared write data bus from the PCU. 



Reaoy signal to tte PCU. When cfu_pcu_rrfy^ h * indicates 
the last cycle of the access. For a write cycle this means 
pcu.dataouf has been registered by the block and for a read 
cycle this means the data on cfu _pcu_data is valid. 



Read data bus to the PCU. 



17 
1 



64 



Out 



Out 



CFU read request, active high. A read request must be accom-" 
panied by a valid read address. 



Acknowledge from OIU. active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus. cfujdlu_radr. 



CFU read address. 17 bits wide (256-brt aligned word). 



Read data valid, active high. Indicates that valid read data Is 
now on the read data bus. diuudata. 



Read data from ORAM. 



In 



Out 



Write 8fine pulse, active high. Indicates that the CDU has fin- 
ished writing to 8 Dnes of decompressed contone data to the cir- 
cular buffer in DRAM and the data is available to be read by the 
CPU. 



Read line pulse, active high. Indicates that the CFU has finished 
reading a line of decompressed contone data to the circular 
buffer in DRAM and that One of the buffer Is now free 



In 



Out 



Out 



Out 



Out 



Out 



Informs the CFU that the HCU has captured the pixel data on 
cAj_hcu_cfO-3]data lines and the CFU can now place the next 
pixel on the data lines. 



Indicates valid data present on cfu_hcu_c(Q-3)data lines. 
jfoef of data In contone plane 0. 



Pixel of data In contone plane 1. 



Pixel of data In contone plane 2. 



Pixel of data in contone plane 3. 



29 rfi* 2002 
Page 291 



SoPEC : Hardware Design 



23.7.2 



Configuration registers 

The configuration registers in the CFU are programmed via the Prn ;„._«■.,. n r 

Table 102. CFU registers 




vucrvi registers 



0x00 



0x04 



Setup registers 



Reset 



Go 



0x1 



0x0 



A write to this register causes a reset of the CFU. 



. Writing 1 to this register starts the CFU. Writing 0 to this 
register hafts the CFU. 

When Go is deasserted the state-machines go to their 
Idle states but ail counters and configuration registers 
keep their values. 

When Go fs asserted all counters are reset, but configu- 
ration registers keep their values (I.e. they don't oet 
reset). * 

The CFU must be started before the CDU is started 
This register can be read to determine If the CFU is run- 
ning 

(1 - running. 0 - stopped). 



0x18 



0x1C 



MaxBtock 



BuffStartAdr 



BuffEndAdr 



4LineOffset 



YCrCb2RGB 



13 



15 



15 



13 



0x000 



OxOOOO 



0x0000 



0x0000 



0x0 



Number of JPEG MCUs (or JPEG block equivalents. U 
8x6 bytes) inaKne- 1. 



Points to the start of the decompressed contone circular 
buffer In ORAM. aligned to a half JPEG block boundary. 
A half JPEG block consists of 4 words of 256-bits 
enough to hold 32 contone pixels In 4 colors, i.e. half a 
JPEG block. 



Points to the end of the decompressed contone circular 
buffer In ORAM, aligned to a half JPEG block boundary 
(address Is Inclusive). 

A half JPEG block consists of 4 words of 256-bits 
enough to hold 32 contone pixels in 4 colors, i.e. half a 
JPEG block. 



Defines the offset between the start of one 4 line store to 
the start of the next 4 One store. In Figure 1 08 on 
page 294. if BufStartAdr corresponds to line 0 block 0 
then BuffStartAdr* 4UneOffset corresponds to line 4 
block 0. 

This register Is required in addition to MaxB/ock&s the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG blocks in a 
line written by the COU. 



Set this bit to enable conversion from YCrCb to RGB, 
Should not be changed between bands. 
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0x28 



0x30 



InvertCotofPlano 



HcuUneLength ~I6 0x0000 



LeadlnCfipNum 3 



LeadOirtClipNum 



0x38 



XscaleNum 



XscafeOeno m 
YscaleMum 



YscaleOenom 



0x0 



0x0 



Set mese bits to perform bit-wise Invert ona percoio/ 
plane basis. 

bitO - 1 invert color plane 0 

- 0 do not convert 
bit1 - 1 Invert cotor plane 1 

- 0 do not convert 
bit2 - 1 invert cotor plane 2 

- 0 do not convert 
bit3 - 1 invert color plane 3 

Should not be changed between band s. 
Number of contone pixels - 1 in a line (after scaling) 
Equals the number of hcu_cfu_dotadv pulses - 1 
received from the HCU for each line of contone data 



Number of contone pixels to be Ignored at the start of a 
fine (from JPEG block 0 in a fine). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be ignored at the end of a 
line (from JPEG block MaxBtockm a One). They are not 
passed to the output buffer to be scaled in the X direc- 
tion. 



Value to be loaded at the start of every fine into the coun- 
ter used for scaling in the X direction. Used to control the 
scaling of the first pixel in a iine to be sent to the HCU 
This value will typically be zero, except in the case where 
" "umber of dots are clipped on the lead In to a line. 



Denominator of contone scale factor In X direction. 
Numerator of contone scale factor in Y direction. 



23.7.3 



Storage of decompressed contone data in ORAM 

The CFU reads decompressed contone data from DRAM in single 256-bit accesses JPEG hlorW «r 

ii ZchS^t^A^ 5 ^ by r*** * C 50 ** 4 ^Ponents are stored together 
SSS d£Si 2^ C ^ ** *° CFU ^ in 4 C0l0IS fr ° m * «- - each 
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4 line 
store 



ORAM wordp 
DRAM word p+4 



DRAM 



A tine 
store 



DRAM word p+4n 
— DRAM word q 
DRAM word q+A 



ORAM word q*4n 



JPEG block 0 
lines 0 to 3 



JPEG block 1 
Jlnes o to 3 



JPEG bfock n 
fines 0 to 3 



JPEG bfock 0 
Ones 4 to 7 



JPEG block 1 
flnes4to7 



JPEG bfock n 
lines 4 to 7 



255 


191 


127 


63 0 


C3^0 


i C2L0 


C1L0 


« COLO [ 


C3Jgl 


I C2L1 i 


C1L1 


i C0L1 J 


C3J|2 


» C2L2 i 


C1I2 


1 C0L2 [ 


C^3_ 


L Q2U± 


C1L3 


LJC0L3 j 



wordp+1 



word p+3 



255 



191 



127 



C3L4 l C2L4 t C V A 


! cgu 


C3L5 • C2L5 i C1LS 


i C0L5 


C3^6 i C2L8 i ClLft 


i cote 


C3^7 i C2L7 i C1L7 


C0L7 



word q 
word q+1 
word q+2 
word q+3 



Impoes one 258 bit read of a word in DRAM 



CX- Color X 

IX - Une Y or 8 bytes of a line in a JPEG btock 



Figure 108. ORAM storage arrangement for a single line of JPEG blocks in 4 colors 

sequence, as shown in Figure 1 08. is 



The CFU reads data line at a time in 4 colors from DRAM. The read 
as follows: 



line 0, block 0 in word p of DRAM 
line 0, block 1 in word p+4 of DRAM 

line 0, block n in word p+4n of DRAM 

(repeat to read line a number of times according to scale factor) 

line 1, block 0 in word p+1 of DRAM 
line 1, block 1 in word p+5 of DRAM 



etc. 



^,t« FU 7** I ^P'* 6 ,ine « "P «<> 4 colors a Y scale factor number of times from DRAM before it 
23.7,4 Decompressed contone buffer 
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23.7.5 Y-scalmg control unit 

that writes are to occur to. are to occur from, and a s.ngle bit f or the current buffer 
buff-ok_to_write equals ~bujff_availfwr buffj. When & wr ^ ^ i • 

is set, and Mr.oa^is inverted. WheneveT diu cfu ^ ~ ^ P U W.wHfwr buff) 

of data fro m DRAM to the buffer J^M^S^ZSS^ ^ " t0 Write * c ^ 

«*_«. and rd_;el gets incrementejlo ^^^^,^2," & T- buffer * ass * rt ^ 
wnte the data to the output double-bSfif ofZ OT^E^X h ? the f ° 1Iowin 8 ^ to 

bl 11 and ^ is asserted, ^ailfrdj^ ^Z'l^^t" 

direction is thus performed. P ^ 00,110116 ^ Scalm 2 to the printhead resolution in the Y 

No^Tcl^ 

both currjtaljblock ^ lin^ h^Tl^^Z^Z ^ ^ * 1 * » C °> 

oaded With^cafe.^. iX"S t < £ctt i t Wj,art_adr, and ^c/e.^ getS 

// assign read address output to DRAM 
cdu_diu_w«dr[ 2 i :7 , = curr_halfblock 
cdu_diu_wadrI6:SJ = li„ e[ i.. 0 j 

" iH^d 1 ;^ £f li r' 1 y - SCale - COUnt - " -ftcr each dram read access 

" £2?-- f- " - - «.d inB a l ine oe contooe ta up to 4 colors 

y_ S cai e _co Unt . y^£^//;~ x *£- >• 0) th r 

Pulse RdAdvline y~sc«ie_denom - y_scal e _num 
~ 3> " - •« — « — etor e of con t one ^ 
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line 



curr.h-lfblocJc = buff^r^d/ 
*ne_start^adr = lme.start^adr ♦ 41ine_of £ eec 

else 
line 

else CUrr - halfblock = linens tar t^adr 
// re-read current li ne from ORAM 

y 7 SCAl ^°-^ * y.scale^denoM 
else curr - tMll «5lock = lme_start_adr 

block *-+ 
curr_half block 
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Go 

wr sel . o 
wr_adV_buff •» o 



cfu_diM_rreq c o 

wr_sef b 0 
w_adv_buff e o 



idle 



c 



J 



cfu_dfu_rreq « o 

WT_S«UO 



req 



c 



> 



guff J>K m write 

cfu_dlu_rraq e i 
wr_adyjxrff = 0 



ack 



c 



dhj Cfti Tffift — 1 



cfu_dhj_rreq » 
wr_seJ«o 
wr_adv_buff , 



readl 



c 



3 



Cfu_dtu - freq « O 
wr_sei = 0 
wr^adv^bufl «= 0 



wr_adv_buff 1 



read2 



3 



dfu cft f rynfffL- 



cfu_dfu_rr©q s o 
wr_advjbuff = o 



^ read3 



cfULdiu_rreq = o 
wr_adv_buK «= Q 



Q read4 *V 



Rgure 109. State machine to read decompressed contone data from ORAM 
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23.7.6 Contone line store interface 

The contone line store interface hdvMm £ mihiZ \ P ? ' md ' CFU reads *«" line-at-a-time 

DRAM when the CDU has written 8 «»2£ZL^ ? ,°' ? CFU on, y to ™* from 
lines, it sends an *«J*s»Jl£^ 

CFU may continue reading from DRAM as lone as buff'lZ* b ^-' nes - awul « incremented by 8. The 
set while buffJines_avaUi s greater ftan C "wS, h £f fT '» greater than 0. ///,rf_ 0 jfc_ to ^ is 
from DRAM, the Y-scaling 0^7^^^^ ^ y a Uae of contone da* 

CDU to free up the line in the buffcHn DRA^ SSt ^ C ° Dt0ne ^ Store ^terface and toT 
v//nepulse. unerinDRAM .buffjines^a va ,l 1S decremented by 1 on receiving a 

Color Space Converter (CSC) 

f~o«i sage. The <th color pUoo, if «St bvotL^ Jf^ "J *• '■P* P«* •» passed lo tho 
latency of tho coo»«, YCrCb ,o ROB UcStt fSf ^ f™** c 0 ** M RGB "*"* Not. IhM tho 
ptae ee it bwusos the Mock. Wock is 1 cycle. This taKney should ho eqodiz*! t „ ^ ^ „J 

%£^CI*S • K ^ ptac h^ oc^ot tho coco, of 
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Figure 110 shows a block diagram of the color 



space converter. 



cotor apace "" ™ 
, converter/inverter 



a 



Cr- 



Cb- 



8 



-> cpO 




J' 

YOCb2RGB 



-> cp1 



cp2 



yf4 

* r *ve»t_cotor_plane 



23.7.8 



Figure 110. Block diagram of color space converter 

version is implemented as follows- aCCUraCy 15 ^th 1 8 bits. The con- 

• R**=Y + (359/256XCr-128) 

• G* ~ Y - (183/25€XCr-I28) - (88/256XCb-128) 

• B* = Y + (454/256XO»-l 28) 

X-scaling control unit 

the mechanism for keejmg SSf £ ZitdT ftt^ ° UtpUt res ° lutio ". P^id* 

read from until it has bLn ^ to " d bufferS ' ensures « buffer cannot be 



K - 179 is saturated to 0 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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if (wrnritr - _ iv ^« 



if (wradv i, then 

if (pixel_count {maxjblock, bill) ) then 
pixel count- = n en 



pixel_count = 0 
else 

P^xel^count ♦+ 
if ( (Pixel.count < leadin_ c lip_nuin) 

OR <pixel_coune > ({max block hi 1 1 \ i 
wr_en = 0 i^diock, bill} - leadout_clip_num) ) ) then 

else 

wr_en *= 1 

When a ^ pulse is sent to the output double-buffer, buff_a Va il [wr Buffi is sct and w ^ • 

algorithm for non-integer scaling is ZSdTrte ?J f 5 ^^^d by pixel replication. The 
loaded with xjtartJZunt afte^set «S * tne^nd <X N ° te ' *-"**-<x™« should £ 

first pixel is scaled by. Acw iJJ^^l? ^jSj 1 ^l™ 5 «■ * "nount by which the 
line that is sent to the HClJis scaleJby hCU - qfU - dotadv COntrol amount by which the last pixel in a 

if (hcu_cfu_dotadv ==» 1) then 

" Zzl C £l\l™\^"l*-««™ - -U~l«. » 0, then 
else 

else 

X^scale^count = x_scale_count 
r^T"? " ""^ W-™"^* is ^ -d nr_^is inverted. 

received, then a n/_e„ pulse is genmlotl^enf '"V hcu - c ^^ P«lse is 
reset to 0 and x^scale.count is loaded Vil^ZuT ^ ° f 48 CFU ' is 
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24 Lossless Bi-level Decoder (LBO) 



24.1 Overview 



P^-tougi mo* i s V™7i "*° DR AM Access is available. A 

50:1. Lossless bMevei compre*7on"ac^ 

which compress poorly. Crage page 15 about 20:1 with 10:1 possible for pages 

STMT'S h\ C Z P r ed bi - ,eVeI ^ ^ bi-level data is 

unit) for the next staged £ ^p^Sg^elme^ rTn T ^ * *• HCU (HalfWComposito 
is used by .he PCU 1 is a vaEeTa? nfe^oTc^ ^ 1 lM ^ h ^ control flag that 



ORAM 
interlace Un« 



Ibd^finfehedband 



PCU 



30 



LBD 



Spot FIFO 
Unit 



HCU 



Figure 111. High level block diagram of LBD in context 



24.2 Main features of LBD 



Doc: SoPEC_hardware_deslgn 
Version: 2.3 



Figure 1 12 shows a schematic outline of the LBD and SFU. 

at 1600 dpi. ^ « n «= 'me Duffers must therefore be long enough to store a complete line 

2S2 SXlXuE?"?- ™ S capability is retained for 

PEC1 LDB output, ,6 bil" pa^eJ to *e PEotol JSfw ^ ^ 1 do(/ ^ ™« 

the LBD in SoPEC can run much faster than * renuK ^5 KbUned for SoPEC - Therefore 

processing latency, to be absorbed! ^ ™" U f ° T «* due to band 

erammed number of bits, 2^^117°? end ° f ,ine OT for a P*^ 

length code, followed by pass rn^gh ^ CClal mn ' length 001,6 is e ^ed as a run- 

unes up to a prognunmable ^^i^^^^Z^™^™ 3 
w nte access to DRAM. Therefore the LBD ^^^^^ 2££gl £T * 
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Kbytes of storage. * ITKoytes of storage. An A3 line of 19488 dots requires 2.4 



LBD 



f 



-2- 



ORAM read 




FIFO 



DECODE 



SFU 



All FIFOs are 64 bytes 
{twice the DRAM data 
word width) 



rtextjfrte FIFO prevjine 



|HCU 



^O currjlrte 



2 



ORAM write 



DRAM read 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 Bi-level Decoding In the LBD 

2 « <*G* compres- 

.ength encoding The encoding Huffhian Jw&L 

l^jl'j^ 9r °- UP n faCS ' m " e Sty ' e '™ encodings 




number of bits, whichever is shorter The^oecial n 7n ^1 either end of line or for a pre-programmed 
followed by pass through. The ^i£v&^^^*7Z FT " " ^-»«S^e. 
than or equal to 31. ^ " >de ls a medju m length run-length with a run of less 



iuu* iT*i | RU " ,Cngth (RL) flwc <>t«»nqs 




S J 

o c 



If 



RRRRRRRR10 



RRRRRRRRRRRRRRrqq 



) RRRRRRRRRRRRRRroq 



Short Black Runtength (5 btts) 
Short White Runlength (5 bits) 





Enter pass through * 



Medium White Runlength with RRRRRRrr . 
Enter pass through 



5 31, 



U>ng Black Runlength (15 bHa) 



Long White Runlength (15 btts) 
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24.2.2 



To enter pass through mode the LBD takes aHvanra^ 

of me runlength pair is 1 ess than or eq^ to 3 ZS ^ ^ * ^ ^ if « 
&e codtng scheme of Table 104 it is still legal to write £ * T ^f^' However 
been designed so that if a short runlength value is dSted \£ a JS ^ <^° n g ^length. The LBD has 
command containing this runlength isdecoL C S , . .u .T mnJen 8 th men °"ce the horizontal 
mode and the bits following ^ll^^^t^ "i,*" ** LBD to enter P« through 
«ther a programmed numbfr of bits orTe SSK^J 1 " T ° f bitS t0 I« ^ught 

DRAM Access Requirements 

tnterface to the DIU. The LBD's DIU bandwidth rSut™^ ""^ * 256 " bit doub,c buffer in its 

awltun requirements are summarized in Table 105 



Table 105. DRAM bandwidth requirements 



Direction 



Bead 



Maximum number of 
cycle* between each 
256-bft ORAM access 



256 1 compression) 



Peak Bandwidth 
(bits/cycle) 



. " — ' r ' f 1 < t:1 compression) i 0 .1 (10:1 co 

: At 1 : 1 compression the LBD requires 1 bit/cycle or 256 bits every 256 cycles. 



Average Bandwidth 
(bfta/cycle) 



0-1 (10:1 compression) 
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24.3 Implementation 

24.3.1 Definitions of JO 



Table 106. LBD Port List 




!bd_pcu_fdy 



SRJ Interface data and control signals 



Out 



Read data bus from the LBD to the PCU. 



Common read/not-wrrte signal from the PCU. 



SSSE^ th w PCU When high both" 

pcu_adcfran(S pcu^dataout are valid. 



cS^c^oS" Wh6n h«Bh it indi 

caies me last cycle of the access. For a write cvcle this 

SrTrL^dfr *T ^redT^^nd 
tor a read cycle this means the data on tb<Lpcu_data!n is 



sfu_lbd_rdy 



In 




Ready signal Indicating SFU has previous line data " 
available for reading and Is also ready to be written 
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Table 106. LBD Port Ust 





mm 




M 




sfu JW_pidata1 1 5:01 


16 


lr 


i 


ibd_sfu_wdata(1 5:01 


16 


Out 


fbd_sfu_wdata valid 


1 


Out 



jata from the previous fine buffer. 
Write data for next line buffer. 



S3 



Write oata valid signet for next line buffer rim* 
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24.3.2 Configuration Registers 

Table 107. LBP Conflguratlon Registers 



S3 





A write to this register causes a reset of 
the LBD. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 



Writing 1 to this register starts the LBD 
Writing 0 to this register halts the LBD 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Gois deasserted the state- 
machines go to their idle states but aii 
counters and configuration registers keen 
their values. 

When Go is asserted aii counters are 
reset, but configuration registers keep their 
vaiues (i.e. they don't get reset). 
The LBD shoufd oniy be started after the 
SRJ is started. 

This register can be read to determine if 

the LBD is running 

(1 - running, 0 - stopped). 



Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatibie with PEC1. 



Number of dots for which pass-through 
mode will last, rf the end of the line is 
reached first then passthrough will be disa- 
bled. 



(256-bit aligned DRAM address) 



NextBandUnesRemaining 



0x0000 Shadow register which is copied to 
0 CurrReadAdrwUen (NextBandEnabte = 

<5<5o = 0). 

NextBandCurrfieactAdr 'ts the address of 
the start of the next band of compressed 
bi-level data in ORAM. 



0x0000 



Shadow register which is copied to Unes- 
Remaining when (NextBandEnabte 1 & 
<3o = 0). 

NextBandUnasFtomainlng ts the number of 
lines to be decoded in the next band of 
compressed bHevel data. 
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Table 107. LBD Configuration Registers 



0x1 C 



NextBandPrevUneSoui 



rce 1 



0x0 



Work registers (read only far external acce ss) 
CurrReadAdr(21.-5j 
(256-oft aligned DRAM address) 



0x0 



0x24 



UnesRemaining 



0x34 



CurrWriteAdr 



17 



15 



15 



J3 



Shadow register which is copied to Pmv- 
UneSource when (NextBandEnabte = 1 

1 - use the previous line read from the SFU 
for decoding the first fine at the start of the 
next band. 

0 - ignore the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an all 0*a fine is used 
instead). 



N {NextBandEnabte « i * go «= 0) then 
-NextBandCunReadAdris copied to 
CunReadAdr, 

-NextBandUnesRemaJning Is copied 

to UnesRemaining, 
-NextBandPrevUneSource is copied 

to PrevLIneSoarce. 
-Go is set. 

-NextBandEnabte Is cleared. 
To start LBD processing NextBandEnabte 
should be set 



The current 256-bit aligned read address 
within the compressed bWevel image 
PRAM address). Read only register. 



Count of number of lines remaining to be 
<*ecoded. The band has finished when this 
number reaches 0. Read only register 



1 - uses the previous line read from the 
SFU for decoding the first fine at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an all Os line is used 
instead). 

Read only register. 



The current dot position for writing to the 
SFU. Read only register. 



Indicates whether the current line is con- 
sidered to be the first line of the band 
Read only register. 



24.3.3 Starting the LBD between bands 

and *e„ stops, clearing it's Go bit and issuing a P^To^ l^Zb^^^n^t' ^ b " d 
*r the next band, whue the HCU continues to process J^^^^^^SST" 
™ ere are 4 mechanisms for restarting the LBD between bands: 
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a. Ibdjinishedband causes an interrunt to the r Pf r tk- ton ••• L 
Gb bit The CPU reprograms feLBD .? « » haVC St ° Pped 311(1 cleare <> * 

current band At the JSSX!S^S^^S^ H *" " d rf *• 
LBD restarts immediately. ' NextBand ^^le is already set so the 

tage of this scheme is that the cS.m! "efandEnable to restart the LBD. The advan- 
commands in rt^o^ on ^ ^ l ~ d " *> d — <he band 

shadow registers and JSS^SSSSS-. tSS^J^ N T^ mdPrwUneS <^ 
end of the band the LBD S^SS^^SS£^t^T ITt ^ At 
so the LBD restarts immediately SmiX^udv ttJ IT^Tiu Ne * BandEnabl * « already set 
commands from DRAM. The JSSSS^S^^ gj£. 2^ *** 
mands from DRAM. The PCU commands programme fetched «> m - 
BandEnable for the next band. program the LBD s shadow registers and sets Mar- 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 113. 



ORAM Interface Unit 



% it 
2 £ 



v64 



07 



lossless bMoveJ 
decoder unit 



Stream 
Decoder 



IS. 



^pass_trtfough_d<Hjerrflth 



t pass_mrouoh_enable 



prevjtne^source 



Register and 



Cnes^refliatnhw 



Pne_lenotn 



Command 
Controller 



15. 



I 

c 

8 



^control 



Jbd_.finlsnedband 



Next Edge 
Unit 



UneFiD 
Unit 



Ibd.sfu 



Sftj. 



sfu_U d^rfy 



data 



1 WD. 

"7^- 



datavaQd 



End of Band 
Unit 



<bd_pkleta 



tfu^edvline 



t$ lbd l _gfu,wdag 



wdatavafic 



Previous 
Line Buffer 



Spot FIFO 
Unit 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bMevel decoder 
The LBD contains the following sub-blocks: 
Table 108. Functional subcodes In the LBD 



J Registers and 
Resets 



Une Fill Unit 



■1,.....„.. L _ 1 _ 1| _ L , 1 . ; , X , 




SL ^ U ° h V" Pcevious Un * Buffer using its current address to find 
the next edge of a color provided by the command controller T>Te n«S 
edge unh outputs this as the next current address Tbadcto tte oom^L 
confer and sets a vaHd bj. when this addressTs 



■m» S5 ST* U ? e 8Uffer «"°r from Its current address up to 7 
~ addreSS - °° tof and *nW are provided by the mmm . n H confer 
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Naming of signals and logical blocks are taken from [18]. 
The LBD is able to stall mid-line should th*. cci 1 1. li 

line frame due to band processing laTency * * piWioUS Une or re <**e a current 

All output control signals from the LBD must alwavc h* v*ua a 

c^y dace** (to ^ «*5 'ISZSSSm^X 0 ' f * " 
24.3.5 Registers and Resets sgb-bfcx* description 

line regardless of what the out of theSFU is " a " «ros for the previous 

^^^Strrc^sr^rS^^ 0 ^" 0 ^*^"' 

pressed data stream. requesting data from the DIU and commence decoding of the com- 

f 

24.3.6 Stream Decoder Sub-block Description 

*E£25S£^£tt2SSSX- f» «" * » DiU (sis*. aacrs** of 

■1" c»pty space e^tcd ey ttaS ISSStSS hhSSS V "** FWO " m 



Doc: SoPEC_hardware_design 
Version: 2.3 



SoPEC : Hardware Design 



A dataflow block diagram of the stream decoder is shown in Figure 1 14. 



Stream Decoder 



DRAM Interface Unit 

"¥ 



17 



k 64 



state 
machine 



« 



IcwrReadAdr I 
* 1 



FIFO 
>*=9 Locations 



'24 



"9 



24 



75T 

-X 



shift 



64-bit Barrel Shirt 



Register | 



EndOtBandStoie 



StartOfBarKfStore 



[ 



SdAcc SdVelid 




✓ '15 



Command Controfler 



Figure 114. Stream decoder block diagram 



j 



24.3.6. 1 DecodeC - Decode Command 

The DecodeC logic encodes the command from bits 6 O n f t h. j,;, 

mands: and XUNLENGm T^LlZi J?"™-*, output one of three corn- 

consumed, which feeds back to the barrTshTft legist* * ' ^ "* Were 

as a medium nmlength this tell the Stream S^ Sc^^^ t,* ICSS *» 3 1 • encoded 

length is decoded completely the LBoZtTnss mRoTfru T^, COmmand MDtainill 8 run- 
be a number of bits that represent un-com^reLel^S^pn ^ F °" OWmg ^ th *« will 
al« these bits have been decoded successZyXst^ o^ctu onceT.T" " **f 1MWW '»* «* 
or the line ends, which ever comes first. * pro « rammed number of bits is reached 

24.3.6.2 DecodeD - Decode Delta 

15 bit number, which is generally consideredToT^c ^ ¥ ^ ° n * ° ,JtpUt - 71x6 ""P"* " a 
dots for an A4 page a nd !*«£ STC^^JS^J?" * to ad *«* to 13824 
" page l ot 3Z > 7 68), a 2 s complement representation of -3,-2,- 
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l^work correctly for the data pipeline that follows. This unit also outputs how many bits were con- 



24.3.6.3 State-machine 

fetch from the command controller another RUmENGm^^ !" *f f ccnd "»*™*ion 

Command Controller Sub-block Description 

ing address to look for the Zli ~aJT T- ^ Uffer R provides ^ ncxt ^gc unit with a siait- 

line and Ifatobi!,! referen <* or start ^ changing element on the coding 

respectively * * ^ ° D nsfcrence line t0 * c ri * ht of ^ of the opposite colorV^ 



24.3,7 
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Figure 115. Command controller block diagram 



24.3.7.1 State machine 
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Tlxe following is an explanation of all the states that the state machine utilizes 
« START 

^^^^^T^t^fZ ° r - ft ---- or when has been 

(N«t Edge Unit), the ^ °° ta ^ *»* "™ 

U AWAITJUFFER 

state when the state n^^^^S^^^J^T^S!^^ ^ » *«• 
mand controller can proceed to the PARSE state. state. Once this occurs the com- 

«* PAUSEJCC 

tames. All of th* remainSnSi TdSlTT £T DRAM ° r *" SFU receiv « OT «•«•« <— 

^ « if ♦woK^^^lSksk 2i*ss,"srs of *°rr 

command controller enters to arhi™» *h?c ^ w nccos xo pause. PAUSE JZC is the state that the 
both asserted and th^ScTreco^ *» ^ *^«**JbU* are 
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When in this state the command controller can receive one of four valid commands- 
a) Runlength or Horizontal 

£ 'Zx^tzzSE?* is - ° ,e8 " *■ *— "» — **. d« 

<™d cortolle, to «J f„ r S SJSt™ . " ! " is ° eeess " , >' for "» °°">- 
cluriges into lie KUT_FOR_ltUNLBNarH sou while this occu™ ° P ° mt " 7116 command controller 

tois to «. « of a. lbd »d^L t ra/rtT™ ^ coa "™ d 

Vertical 

me current posirion to a. pre.ioi. ltoe for «re ™ ?J? £ £ ^ Um ° t "** " " biK * 10010 *°"> 
•tot ., „ ireportoo, to.oto *. if ."11^X5. «*S . . £X? ^ ** « '° 

SS JS.Sfil'S! Stht £t T *** °"»"^ coto^o, to ore, refer to 
ere™, „„ are p™£ ltoTSr^^ST^T" " *! Cm °"' «" * » «» i-tfi 

Skip 

that the command coZ?« ■ ££me^Te tSSSS ^ ^ ^ f ° ** 

the current color in this case. ^rft«z/(0) commands and has been coded not to change 

d) Pass Through 

TZSSZSXE^ ** ii - - construct 

LBD can recommence noLal deooTp^sfon "jr!SlJ2? 5 T ,,ed ^ Stream **** 
color as the last bit in un-compressed Wl ° T * paSS throu e h mode * the same 

command controller as eac^Su^con^d r^et°d f ^ "* M «*» in * c 
cessed in one clock cycle. command received from the stream decoder can always be pro- 

v WAIT_FORJtUNLENGTH 

clock cycle the command e2E£2E ^ into £ W^rI^^™™ **** *" ** 
LENGTH data has been consumed. Once &Sd 1 a^d ^JSV^S^ 7 ? ^ ^ ^ ^ 
controller will return to the PARSE sm? P ' S not me end of *e line the command 

W WAlTJPORJfE 

remains here until the edge iTdetected KlJj.H f^T^ 0 *". 11 ? «"» the WAJTJFOR_HE state and 
return to the PARSE ^ ' * n0t ^ Cnd ° f me line command controller will 
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vii FINISH_LINE 

START^tf r thc / 0mm 1? d COntro,Ier needs t0 h0,d ^ date for the SFU before going back to the 
START state. Command controller remains in the FINISH JLINE state for one clock cycle TachSe th£ 




24.3.8 



Fi 0 ure 116. State diagram for the Command Controller (CC) state machine 
Next Edge Unit Sub-block Description 

^mmand ControUer as the next address in the current line and it sets a valid bit to tell the Cn™* rZ 
tnfer Ifa* the edge has been detected. The Line Fill Unit uses this J£Z consSS ltSSS.SE 

tins case the NEU wdl request more words from the SFU and will keep searching for an edge. It will con- 
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Table 98. CDU registers 



0x1 C 



0x20 



BuffStartAdr 



0x000 



0x0000 



i.e. 6x8 bytes) in a line - 1 



BuffEndAdr 



Points to the start of the decompressed contone dr-" 
Sund%I er m 0RAM ' a,iSned 10 a ha " JPEG btock 
A half JPEG block consists of 4 words of 256-Wts 

a JPEG ScS* 32 C ° m0ne PiX8,S in 4 ^ Le ' » 



0x0000 



NumBuffUnes 



Po/nts to the start of the last half JPEG block at the 
nx au » d ^ mpfessed «>"tone circular buffer in 
A hflif*^ i pq/jtf t0 fl ha,f JPEG W <** boundary. 
A half JPEG block consists of 4 words of 256-bits 

?£Ig WoT 32 °° nt0ne PlXe,S 10 4 °° ,ors ' le half 



OxOC 



0x24 



0x30 



0x34 



BypassJpg 



0x0 



Defines size of buffer in ORAM In terms of the ' 

number of decompressed contone lines. The size of 
the buffer should be a multiple of 4 lines with a mini- 
mum size of 6 lines. 



NextBandCurr- 
Source Adr 



0x0_0000 



^f er ° r 004 me JPEG decoder ««■ be 
S to ouS ^ ^ ^ *** fr - 
0 - don't bypass, 1 - bypass 
Should not be changed between bands. 



NextBandEnd- 
SourceAdr 



19 J 0x0_0000 



0x38 



0x3C 



NextBandVafid- 
BytesUstFetch 



NextBandEnaWe 



0x00 



0x0 



Read-only registers 



^ 256 t l l ail9ned address ^ntaining the start 
r^!- neXt band of ^Pressed contone data In 

DRAM. 

TOs value is copied to CW/rSOwee/Wz-when both 
e°"^f fe ' «- "***W£ha*a Is 1. or when 
Go transitions from 0 to 1. 



The 64-bit aligned word address containing the last 
bytesof the next band of compressed contone data in 

™f £[ ue !f c °P tad 10 enrf&>tr/ca4dr when when 
both OoneSandis 1 and NextBandBnable is 1 or 
when Go transitions from 0 to 1 



Mask containing a 1 in each bit position that repre-" 
sente a valid byte in the last 64-bit fetch of the next 
band of compressed contone data from DRAM 
V"l ya^ue is copied to VaMBytesLastFetch when 
both DoneBand is 1 and NextBandEnabte is 1 or 
when GO transitions from 0 to 1 . 



VtoenNextBandEnableis 1 and DoneBand is 1 then 
when cdu.tinMedbandis set at the end of a band 
■NextBandCurrSourwAdris copied to Curr 
SourceAdr, 

■NextBandEndSourceAdr is copied to EndSourceAdr 

-DoneBand is cieared, 

-NextBandEnab/e is cleared 

NextBandBnable is cleared when Go is asserted. 
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Table 98. CDU registers 




0x40 



Don eB and 



Curr Source Adr 



0x48 



EndSourceAdr 



ValidBytesLast- 
Fetch 



JPEQ decoder core set up registers 

0x50 : 



0x0 



0x0_0000 



0x0,0000 



Specifies whether or not the current band has fin. 
«*ed toading into the focal FIFO. It is cleared to 0 
when Go transitions from 0 to 1 

^ZT 6 °! ™W* intone data for the 
band has been loaded into the local FIFO the 
oclu^fin/shedband signal is given out and me 
OcvraSandflagisset. 

U NaxtBandEnable is 1 at this time then Curr- 
S^rceAdr EndSourceAdrand ValktBytesLastFetch 
™ U J£™ *° for the nexVbWand 
OoneHantfis cleared. Processing of the next band 
starts I mmedtately. 

r™? < 2f ; ^ a7abfeiSOthe,1 me r emaJnder of the 
S™^ T Ue 10 ^ de ^essing the date 

SS^^l 1 " 8 ^ C ° ntr0 ' waits for 
NextBandEnable to be set before it resta rts 

current band of compressed contone data In ORAM 



™e 64-btt aligned word address containing the last " 



Mask containing a 1 in each bH position that re D re- " 

band or compressed contone data from DRAM Ifttm 
lower 3 bytes are valid, then the lower 3 bteof'vL*! 

Sdie^ 8h ° U,dbeSe,andtha U ^ 5 ^ 



0x54 



0x58 



JpgDecMask 



JpgOecTType 



JpgDecTestEn 



0x00 



0x0 



0x0 



0x0 



£ S rt^ nt ? F 8 dec0ded also be output on 

*e Deo/p* (*flOeo«*) port with the user seJeci™ 

Sssr isr * bits h *° 

4 SOF+SOS+DNL 

3 COM+APP 

2DRI 

1 DOT 

0DHT 

Kni™ ™ bitS ^ '^ Dec Mask is asserted then 
the SOI and EOI markers are aJso passed to the 
isGCjpg p ort. ^ 



Test type selector 

1 - QDCT coefficient displayed on JpgDecTdata 



Signal which causes the memories to be bypassed" 
for test purposes. 




Selected header segments from the JPEG stream 

X *S£ 56109 decoded * s ~ -~ 
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Table 98. CDU registers 




0x64 




13 0x0000 



0x6C 




22.5.3 



13 - TSOS output of CS1 650, indicates the first out- 
put byte of the first 8x8 block of the test data 
12 - TSOB output of CS1650, indicates the first out- 
put byte of each 8x8 block of test data. 
11-0-11 -bit output test data port - displays OCT 
coefficients or quantized coefficients depending on 
value of JpgDecTType. 



Decoding parameter bus which enables various 
parameters used by the core to be read. The data 
available on the PValue port Is for information only 
and does not contain control signals for the decoder 



Bit 21 -Jpg_cofe_$tafJ(if set indicates that the JPEG 
core is started by gating of jdk as the output JPEG 
haffblock double-buffers of the COU are full) 

^ siffnal ls from 
me JPEG decoder core and is asserted when a pixel 
Is being output H 

Bits 1 9-1 6 - ^contents (FIFO at input of JPEG 
decoder core) 

cs B i 1 £.°/ ar8 , decoder status ou, P ute the 
CS6150 (see Table 100 for description of bitel. 



Typical operation 

The CDU should only be started after the CFU has been started 

/Lines. Vs^stbcn^Q^^s^u^^^^^^J^^ BuffEndBlockAdr and NumBuf- 
for the band has finish^ Sng XSS? ^ *" COm P ressed c ^one dai 
indicating that the memory J^^t£fl££^ ' b ° Sent l ° ^ PCU «* CPU 

band of contone data. ^ thC ^ band 15 now fee - Processing can now start on the next 

for restarting the CDU between bands: * 8 1 l ° NextBand£ ^- There are 4 mechanisms 

C - ™ e A PCU ls Programmed so that cdujinishedband trieeers the PPT r m ^ ♦ 
DRAM to reprogram the NextBandCu^SZT^ 3^ , PCU t0 commands from 

a". This is a combination of 6 and c above. The PCU frath^ th* n ^ m t • ^ 
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22.5.4 Read control unit 



^rS^S^^T-^ *** and passing it to the JPEG 
receiving the data from ^wZ^SZ^S^ ! ^ * *+ 256 " bit accesses - 
accesses to DRAM is described in section £ 9 1 on n^S^ R^' ^ ** for «■» 

by means of the state machine described ^ Rgure 10^ * DRAM to Pl«n«*ed 

it whether to attempt to L a bandofco™^ ^ , ^ ^ reUeS on * e ^oneBand bit to tell 
does nothing. WheS Do^and^c^7ITL 'T™ ^ DoneBa ^ «*. the state machine 
up to 256-bfts at a Z^^^tTlTo^T.T^ "*> ^ 

knowledge about numbers of blocks orniX^l , N ? te ttat 1,16 state machine has no 

by consecutive reads from uSSTSS^^^ST ' * mere,y kec P s *• JPEG FIFO full 
"'-"^DRAMreadband^ 

^cdu^Ui being asserted^ ^ Tomp^" ? "U "T* * 

end_ofjbandstore: ~ compared to both end_source_adr and 

' n F &^3:t^ — « to the 

" ^XlJtV^ ^ ~ ^ then 

whether «rr «Talso eqtal ^Tl/^i ' , £ + depending on 

FIFO is 0. 9 end_of_bandstore. The end_of_band control signal sent to the 

curr_fource_adr is output to the DIU as cdu_diu_radr. 

A count is kept of the number of 64-bit values in the ftfo wi„ j- , , , . 

0. data is written to the FIFO by assertina «s 1 and ignore_data is 

incremented. * 8 ** &W>V **ffi>-contem[3:0] *&dfifo_> V r_adr[2:0] are both 

I^ESSS^ d » ^ ** there is data available in 

data from the FIFO. hSSZ "oSnfto taSt'S? 22£f^* ^ * * t0 " edw 
.ster to I. In this case date is sent dtecfly fiSmS ^FIFO S hTrtf ^ ^v? 6 *" 8 
decoder is not stalled stoUwuIZ?»n«L to the hjdf-block double-buffer. While the JPEG 

a byte of data is coJ^^^^^^^T^J°l^JPe> "*jPgJn_fitrb are both I, 

next byte. The read address febSL^^l?^ * *» -cemented to select the 
. y augnea, i.e. the upper 3 bits are input as the read address for the FIFO 
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cdu_diu_rreq « 0 
Jgnore_data n 0 



curr source adr^pnn *ntir^ ftdrTI B ;?; 



ANPrd r*n. frff . 



cdu_diu_rreq - v 
lgnore_data • 0 



Reset OR p^t n~ Q 
cdu_.diu_rreq « 0 
igrror e_data e 0 



< 



< 



C 



<: 



i 



^ reset ^ 



idle 



> 



DoneBanri = 



cdu_diu_rreq «= 0 
ignore.data = 0 



req 



3 



fife contents <mz fffa fityQ _ x\ 



odu_diu_rreq » t 
tgnore_data * 0 



ack 



pdu_dlu_jroq « o 



read 



_> 



fcurr sonrr* arfrrrt gmpfl. 



cdu_diu_rreq b o 
— ^data « 1 



Figure 101. State machine to read compressed contone data 
22.5.5 Compressed contone FIFO 

Wta, ad of - lX^^fl"?Si 0r *° cuma " ban * «" t 0 if il « »°> »e Uw mnsfcr. 
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bytestream for that band, and only the bytes snecifted K„ tt,. • 

to be read and presented to the JPEG dSodter * W ° f ValidB y te ^Fetch are valid bytes 

FIFO (as an additional effect of this. USStaf^ Z^sT™^ bM fCad from the 
tone data must be more than 4 x 64-bits, or 32 byTest ^en^) " that each band of «» 

22.5.6 CS6150 JPEG decoder 

the CS6150 JPEG decoder^ « iSSttf ^ ^ C*»*M«taw stated that 
which a gated version of the systemToS PcLc^thlT ? Chn0 ^ Th * «« * clocked by y W* 
JPEG decoder on a single colo^ixS-b^d basS^fn^ 5? I T * mecha » ism for stalling'me 
the PUOutEnab input to the JPEG decXr H^v^T ^ ,? ° W ° f ° Utput ^ is 2150 P^ded by 
block boundary and is insufficrent foT^EC ' J"" °S ""T* ***** ° f 1,16 out P u < * a JPEG 
instead tied high. ° f S ° PEC ^ « atm « of *• <=!<** « employed and PUOutEnab is 

^Tc!^^^~ : ^ b= ^ W the JPEG bytes.eam and uses 
quantization tables, restart interval d Sil bytestream contains data for the Huffman tables 
|he JPEG bytestream --JS^t^SS^TttSS ^ P ~ "* 
fymg the JPEG segments the decoder re-directs tiie ^Tl segments. After identi- 

as appropriate. Any errors detected in SeTy^am^ inST^T* * ** Bd ° r pr0cesscd 

Lmes (DNL) marker at the end (normally neSsarJfo s££ f^r ^ ***** ^ 8 Define Numb «" 

length as this is a modification to the wre marker ,n ,ma g« of more than 64k lines 

Pixels in thecorrect color or^dL^^^^ 

The following subsections describe the means by which the CS6150 internals can be made visible. 
22.5.6. 1 JPEG decoder parameter bus 

mines which internal parameters are disced on he t Select ^ ^ M****^) deter- 

the PK./ U e port does not contain oomnJ^^g^^" ^ TaWe "* ^ liable on 



Table 99. Parameter bus definitions 




FX(15:0] 



00,YMCU[13:Q] 



FY: number of lines in frame 



FX: number of columns in frame 
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Table 99. Parameter bus definitions 




0x5 



0x6 



CsO[7:0LTq0(1 :Oi_V0f2:0] 
.H0[2:0] 



Cs1[7:OLTqt[i:OLVl[2;0] 
_H1(2:0] 



Cs2[7:0LTq2[1:0J_V2[2:0J 
JH2(2:0] 



Cs3{7:0LTq3f 1 :0LV3f2:0] 
H3(2:0J 



CsH[15:0] 
CsV[15:0] 



OR[f15:0) 



000_HMAX[2:OLVMAX[2: 
0L MCUBLK[3:0LNS[2:0J 



CsO: identifier for the first scan component 
TqO: quantization table identifier for the first scan compo- 

v2ii^T! 4 SampUn9 faCt0f fof m ° firet scan «>mponent. 

HO: horizontal sampling factor for the first scan compo- 
nent. Values = 1-4 



Cs1. TqT, V1 and H1 for the second scan component. 
V1, H1 undefined if NS<2 



Cs2, Tq2. V2 and H2 for the second scan component 
V2, H2 undefined if NS<3 



Cs3. Tq3, V3 and H3 for the second scan component 
V3, H3 undefined if NS<4 



CsH: no. of rows in current scan 



CsV; no. of columns in current scan 



ORi. restart interval 



HMAX: maximal horizontal sampling factor in frame 
Mrnni T"" 1 ^ vertical sam P' in 9 fa *° r «» frame 

US! m to \7 of Wocks ^ MCU of current 

NS: number of scan components in current scan, V4 



22.5.6.2 JPEG decoder status register 

sent to the CPU by asserting cdu icu mZl.ZT^ TJl u " sus P ended ™ interrupt is 

the JpgDecStatus agister TtoS«M ™ft Si ^ ^ 50,1,106 ° f *« Crror b > readin g 

high to indicate an error condition as S3!? ^ " ^ * "** ^ "*« 

is required from the user. If any of the other «™™2L • . *' 1111286 and SO no interv «"">n 

SjBEKT" deCOding - bC m0Dit0r6d * ° b "™* ^e values of TtlD* IDctlnProg, DecInProg 
u'V, 0 !' J 1 BG decoder stat "s register definitions 







F5 •^^T^^^>7»' 7 £^'^?v f; 3^^ 


~7 ' ] 


TWDef[3:0] 
DecHfError | 


Indicates the number of quantization tables defined. IblVtable. 

when an undefined Huffman table symbol is r^r.^ 5^ 
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Table 100 JPEG decoder status reqister deflations 



CtlError 



HtError 



QtError 



OecError 



IDctfnProg 



DecinProg 



JpglnProg 



se, when an invalid SoTpTnTmeteroVan l^awlSZaSiS^ 



Set when an invalid DHT segment is detected. 



Set when an invalid DQT segment is detected. 



Set when anything other than a JPEG marker is input — 

Set when any of DecFlags[6;4] are set 

Set when any data other than the SOt marker is detected at the start of a stream 
Set when any SOF marker is detected other than SOF0 Set if incomolete Huff 
man or quantization definition is detected incomplete Huff- 



Set when fDCT starts processing first data of a scan Cleared when inrr k ~ 
processed the tast data of a scan. reared when IDCT has 



scan « conpiete. ft Indicates that the core to in th^S gg 9 ° U 

K tesTee^™te t ^?^T , . < ' ata (Jpg,n > and ^asserted when decod- 
■ng has been completed ,.e. when the tast pixel o( last block of the image is outoui. 



22.5.7 Half-block buffer interface 

to stall the JPEG decoder core at ite ^Jp* on " ^ 5? SffiS'! *' ^ S " * be able 

pixel). We provide a mechanism for staUm* L Jpr , J'"* bo ? nd » I * L * ^ 32 P Uels < 8 bits P« 
jpg.core_stall is 1. The iSSoc? iSSS^ by ***** me c,ock to * e c °«* when 
half JPEG blocks to decoume OTrSlT^ ! ^onstble for providing a set of double buffered 

DRAM (write conJo, uLTdL cfmin^t? b^f "T^? *° m **** 1,1086 ^ "oeta «° 
only a single color plane. SSSe^ ^ ^ in ««■"*«- *' 

S^^lt^^^^ ° f 2 **• JPEO ^lock buffers and some simple 



P«_out^vaJW - 



jpg_core_sta!i «4- 



Jclk_enaijie 



pixel_data . 



haff-olock buffer Interface 
■ » 



-c<— I 



half-bfock buffer 
select unit 



con tone 
plane 
buffer 



64 



— rd.adv 



halLWock_ok_to^fead 



cdu_diu_data(S3:0] 



— — — * 



Figure 102. Block diagram of half-bfock buffer Interface 
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22. 5.7.1 Half -block buffer select unit 



<h,s case, each buffer is a half JPEG block, i.e. 32 b^ ^ 4 x l^. " *" ^ * *° 

single bit (wfctf) for the cuirentliunfl^ rt^t current buffer that reads are to occur from, and a 
half_block_okSojLd Equals ITaXS M T" ™ * ^ ^ Rvalue 
^-«v«//^^ value ^co« Jto // equals 

the production of pixels. The dock gating I JS^J ^ SEJS^T" " 8 ? d 0 * S ° " ( ° St ° P 
output from the CDU. When yctte* able * l^i ,? °* under contro » <»f theycft.enaAfe 

CWt.««W« is the inverse of Jp^o^U). ' ' PC ' k When is 0, jfcft is 0 

* c! ~^ and ^.is ^ 
mented whenever »Lr o^ Z/w M , TTT" pUelS *° m JPEG decoder core. It is incre- 

pixeLcourU^OJ is 31, £ff£j[i ^7^3 "tV* itS When 

/>*-™0«/tf A^edwithfc^^^^ ™ e equals 

ANDed with «/ of JPg-Corejtall. The output rd_en equals half_block_ok to read 



22.5. 7.2 Contone plane buffer 

Eachxontone plane buffer consists of two half JPEG block buffers as shown L 

rd_buff 



in block diagram form in Fig- 



wr_buff_ 
wr_en~ 



pkeJ_data_ 



8 



plxej^data 



wr en 



JPEG 
half-block buffer O 



_rd,en 



pixel data , 



JPEG 
Naif-Nock buffer 1 




-> odu_dfu_data(63:0J 



contone plane buffer < 



Figure 103. Contone plane buffer Interface 



l<w«d u the bst shin ZiZ?,. , /ST?„„ * *!" SeC °° <l *■? is 4 enay x «4-bit. D«. i, col- 
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22.5.8 Write control unit 



: DRAM word. 



4 fine 



DRAM word p 
DRAM word p+4 



DRAM 



4 line 



DRAM word p+4n 
— DRAM word q 
DRAM word q+4 



DRAM wordq+4n 



JPEG block 0 
Ones 0 to 3 



JPEG block 1 
lines 0 to 3 



JPEG bfock n 
Ones 0 to 3 



JPEG block 0 
fines 4 to 7 




JPEG block 1 
fines 4 to 7 




JPEG block n 
fines 4 to 7 



► Impftes 4 x 64 bit writes to consecutive 

words In one DRAM row. lorasirwUj 
CDU access to DRAM ^ 

CX * Color X 

LY - Line Y or 6 bytes of a fine in a JPEG block 



Figure 104. DRAM storage arrangement for a single line of JPEG 8x8 blocks in 4 colors 

bloc, 0, color 0, l ine 0 in word p bits „-0. line 1 in word bits 63 -o 

line 2 xn word p.2 bits 63-0, line 3 in word p. 3 £t. 63-0. 

block 0, color 0. line 4 in word q bits 63-0. line 5 in word bits 63 0 

line 6 xn word Q +2 bits 63-0, line 7 in word" ^2 I bi J 63-0. 

block 0, color 1, line 0 in word p bits 127-64 i ^ 

line 2 xn word p+2 bits 127-64 t i M <* ^ ^ " 

block 0, color 1, line 4 in word q bits 127-64 t 

, . ^ . w wits x^/-64, lxne 5 in word a+1 bits \->n &a 

Ixne 6 in word q+2 bits 157 &a i . 127-64, 

q * oits 127-64, line 7 xn word q+3 bits 127-64, 

repeat for block 0 color 2, block 0 color 3 

block 1, color 0, line 0 in word p + 4 bits 63-0 i -> < 

v •* exes bj-o, lxne 1 in word p+5 bits 63-0, 

etc. 
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In SoPEC data is written to DRAM 256 bits at a f,™ n, mrr 

CDU, i.e the lower 2 bits iJ^SSS^^™^ 3 ^it aligned address from the 
address the DIU also receives half a JPEG block ? " ^ ^ Written ta Wlth 

accesses to DRAM must be padded ! to 256 b ttJt£S, Z^lT^ 4 A » 

the mdividual bit write inputs of the DRAM ? . DOt 1x5 Wntten 376 masked using 

only 64 bits out of the 256-bit ZZ ^£°L ST T°" **» * Wa CDU 

by the DIU. Tins means that the decomprJsedcomo^ S^S ,he H remau ^8 bi * of the write are masked 
wnte masked accesses to 4 consecutive 25 S S lotnoXl ^ " 4 baCk " t0 - baCk 

^^*-<*^^ state machine relies on the 

block to DRAM. Once the half-block buff^ItS? ? ? * tG to a half JPEG 

requests a write access to DRAM ^se^J^'™?™ * b1 ^, the state machine 

mg to the first 64-bit value to be wrLn, M^SfSt T"^ "V** ^pond- 
access of 4x64 bits is issued by the CDU lS im„ ( X h . e <uWreS5 the ««* value in each 
fourth 64-bit values). The state LS£XJ^3J^£ B f**-? *r the second, third and 
mg a read of 4 64-bit values from the half£S^!£^ acknowledge from the DIU before initiat- 
put cdu_diu_walid is asserted in the eye e after 5^2 T V ^V*** ****** for 4 ^ cles - out- 
the cdu_ d iu_data bus and should be w^nen to th f^t^ * *" ^ ^ is P^«" on 

as then sent to the half-block bufferTterface toS^J^T " DRAM " A ^-^-MLblockpvUst 
shouldnowbe^^ 

cleared and Iwrjudjblock arfr gete JoadS wiS^^T v° m 0 to I all counters and flags should be 
buff^tart_adr + m a*__bloctt7 * buff_ sta rt,adr and uprJuU/btock_ a dr getsloaded with 

// assign write address output to DRAM 
Cdu_diu_wadrtS s 5] =00 // 

// C ° rr ** p ° nds to linenumber. only first address is 

// SI"™ DMM aCCe8S - Thus Always o 

cdu_diu_wadrt4:3J = color MU flene " Ces these bits of the address. 

if (half == i) then 

eia cdu_diu.„adr t21:7) . upr_halfblock_adr „ for ^ ^ ^ ^ ^ 

cdu_diu_„adr I2 l: 7J . l„r_halfblock_.dr „ for linea 0 . 3 Qf JpEQ ^ 

if (half == i) then 
half * o 

if (color == max_pl Q ne> then 
color = 0 

" S^X* the " " — - a line of JPEG blocks 

block = 0 

// update half block addreaa - 

// account of addrese ^pp" n J V«T£u?L"££ f ^ V takin * 
if <upr_halfblock_adr == SrT then 4 liB# °" Set 

upr halfblock_adr = buff_.tart~adr + ^ bIock t , 
elsif (upr.halfblock.adr * max block ♦ 1^- "E f T \ 

upr_halfblock_adr = buff^ ^ ~~ f ~ end -« d -> «=hen 
else ~ 
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else Upr - halfblock -^ = upr.h.Xfbioc^ + ^ . 2 
block 

upr_half block adr ++ // mrN ,^ 

else " " ""^ to address for lines 4-7 for next block 

color 

else 

half = i 

if (color == maxuplane) then 

if (block ^.blccM then // e„ d of Kitlng . line ftf Jp£G 

else ~ ~ 

lwr_halfblock_adr = lwr_halfblock_ a dr ♦ .»ax_block + 2 



else 

lwr_halfblock_adr ♦ + 



// move to address for lines 0-3 for next block 
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Reset QR pfst n B n 
cdu_dru__wreq = 0 
cdu_dfu_wvattd » 0 
rd_adv «= o 
^_ac^.ha^faio ck c Q 

C reset ~) 



cdu_<flu_wreq » 0 
cdu_dtu_wvaDd » 0 
fd.adv • 0 
ftJ_adv_half_btock a o 



idle 



C 



3 



Cdu_diu_wreq = 0 
cdu_diu_wvalrd o o 
id_adv « o 

n*_adv_haif_Wock « 0 



rcq 



c 



..Jlf block Ok to rgflrt^ 1 ™ 
odL/_d!Lf_wreq = t — 

rd_adv » 0 

rt_achUv*Kj5lock»0 



ack 



C 



3 



ccfu_diu_wreq « 0 
cdu_diu_wvalJd « 0 
rdLadv ■ 1 

fd_adv_haff_bkx* = 0 



read 



c 



3 



cdu_dlu_wreq o 0 
odu__di u_ wva ud e t 
fd_adv « 1 

rd_adv_haJf_Wock » 0 



write I 



c 



D 



cc(u_dJu_wreq » o 
cdu_diu_wvaHd = i 
fd_adv « 1 
fd.adv_hatf_btock » 



write2 



c 



3 



cdu_dlu_wreq 0 
cdu_dfu_wvafid = 1 
rd_adv a t 

rd,adv_harf_block=i 



write3 



c 



3 



t=0 



cdu_dlu__wreq 
cdu_diu_wva{)d 
rd_adv « o 
«Ladv_hatLWo<* 



= 1 



write4 



> 



odu_dlu_wreq = 0 
odu_diu_wvaUd » 0 
fd_adv a o 

nd_adv_hatf_bfock » 0 
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22.5.9 Contone line store interface 

The contone line store interface provSe mdh J, • f P f • Md CFU reads them «^-at-a-tune. 
DRAM, and provides signals so STa SSSi ° f ** nUmber ° f lines stored in 

ten. 6 50013151 inline cannot be read from untU the complete line has been writ- 

write to. Thus the size of the line storein rift Im ^ , M now becomes free for the CDU to 

line store interface is 8 ines. p "*Z * ^ f • ^ minimUm size of * e 
scheme while 16 lines provideTaltb^ Si ~ S « 12 3 buffer 

set to the value of «™ nTcmZl aTZjZ, T™™™ 0 * is 

available for 8 lines, incited when Ae Un^l ~ „* ™ teto DRAM 38 Io «g « there is space 

writing 8 lines, the write conSl^ send^ ^l£f "T " $et WheD CDU ***** 
CFU. and num./^.avTirde^ememeT "t??^ 10 *''™ 0 ™^'*™™*™™*^ 
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23 Contone FIFO Unit (CFU) 



23.1 Overview 



S^SSSSSS contone data , ay er from the 

color invent in ^SS^XStT^ fr ° m YCrCb to RGB followed by^oS 
fonned in the horizontal and SiSfcXE b^S tZZX *** ° f * ^ 

printer resolution. Non-integer scaling is Z^rtent J*. ° UtpUt t0 ^ HCU 



23.2 Banowioth requirements 



rssssj^f^sr 008 ** *° m dram fa * * -* - * the ^ ^ 

direction is performed at the ou£« Tof S3 K T* *Jf > ° ^ Re P ,ication in ^ 
tion is performed by the CFU readine each Z-n! p, * e, - b y-P ,xe, basis w ^ replication in the Y direc- 
DRAM. The HCU generates 1 Sft?.Sj£ ^ ^ l ° *» *** from 

1 side per 2 seconds for mil bleed A^er ?nt ^ t0 a " rint ^ ° f 

color contone pixel (32 bits) every SF cycles Lm^J I ,T Meds t0 be ™* a 4 

from DRAM at 5.33 bits/cycle' ^ f ° r 4 001015 at 267 W cp U must read data 

23.3 Color space conversion 

and K, directly represented by cE? ml? T^ W £m£ ^ ' *T CO,OIS may be C ' M - V - 
multi-SoPEC printing with exact colore ^ repreSent 8 ° ,d - metaUic ^ *<=• for 

^^p^^^°:^: ™ b '<«f*y when luminance and chrominance 
luminance information *Td 1 ^^neeaTo be Z^ll 0 be k luminailce ' but C, M and Y each contain 
fore provide the means by ISTS?^^ SSS-SSS"! ^ We *~ 

sion. TC passea to SoP£ C as YCrCb. IC does not need color conver- 

512 SSSSSS s ROB ; ,to » «*» - - 

to CMY. ° ^ 15 obtain ed, then color converted to RGB. and finally back 

S'-nr^ tne actual hardware 

are normalized to occupy all 256 levels of an 8-bit bin^ cncodTng 11 *" Y ' C ' "* Cb 

The CFU provides the translation to either RGB or CMY Rfin ;„ i j • 



I • 32 bits / 6 cycles = 5.33 bits/cycle 
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^TSS** ^ C ° l0r 81,800 - one of 

1 color plane, no color space conversion 

• 2 color planes, no color space conversion 

• 3 color planes, no color space conversion 

• 3 color planes YCrCb, conversion to RGB 

• 4 color planes, no color space conversion 

• 4 jolor planes YCrCbX, conversion of YCrCb to RGB, no color conversion of X 
tne YCrCb to RGB conversion is described in [141. Note that if** a»*« • 

spectre advantage in performing color conversion (^^^SSJJSS^ ^ " 



23.4 Color space inversion 



In addition to peifonning optional color conversion the rim -a <■ 

m up to 4 color planes. This provides the ™ bvwhich^^ ° ptional hiUwis * ****** 

may be used to provide plana? correlation 7£SE Srts ^ l ° ^ be or » 

^ C R = 255° COnVeniion is * ven fe y *» relationship: 

• M = 255-G 

• Y«=255-B 

Theseje^ondrips require the page RIP to calculate the RGB from CMY as follows: 

• G=255-M 

• B=255-Y 



23.5 Scaling 



sented by a numerator'and a SnSofoSv^cSS T*"^ *" iCato factor V 

should be greater than or equal to ^enonSoTSf™^?^ ^ ? all0w * Le Orator 
the numerator is programmed as 5 and SZ^^^l^^^^^ 

a-t~ 

if (count ♦ denominator - numerator >= 0 ) then 
count = count * denominator - numerator 
advance = 1 
else 



count = 
advance 



count ♦ denominator 
= 0 
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23.6 Lead-in and lead-out clipping 



block n below) will be the last JPEG bwS'^r !f ° n ^ b ° Undar y of *e 2 SoPECs (JPEG 

line printed by SoPEC 1^^^^S^!^^ff^ § '^^^^^ 
ately setting the "Si Xf££ Sw^SSh *' "» by ap P ro P rf - 

at the beginning of each line The ^ „f ptelfto S^£I?J S °l EC #2 mUSt 1)6 
LeadlnClipNum register. P ,gn0red at 1,16 start of *** « specified by the 

It may also be the case that the CDU writp? mi* rr.«r«. n>c/- , . 

as shown for SoPEC #2 te^ £<L7^ZZZ " to to read * * e CPU. 

spond to JPEG block m but the value *to^A^t£ Z^ 0 ?"**" m * e CDU is set to 
block Thus JPEG block w iZf rtlt ££g£ ^ "i the CFU is set to correspond to JPEG 



sopec #1 

teacHn area 



SoPEC #2 SoPEC #1 
teatf-m area ( lead-out area 



SoPEC #1 prints left 
side of page 



SoPEC #2 
lead-out area 




SoPEC #2 prints right 
side of page 



Figure 106. Lead-in and .ead-out dipping of contone data In muHi-SoPEC environment 

!ttttS^&£7!tt*Z- P - *• Pinter, resolution. The 

Length register defines the size offce teStS W ££ * "f^ ^' artCot "» re «^«- The 

trols the scaling of the last v^d p iS SEEKS. SET " reS ° lUti ° n Md C ° n - 
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23.7 Implementation 

Figure 107 shows a block diagram of the CFU. 



DRAM Interface Unit 



Contone 
Decoder Unit 



64 



^8 



wr_buff t rd_boff 



decompressed wr.en, rd en 
contone buffer ^ -l , — rrrrrl 



^ S„ wr_sel[1:Q]. rd_self2:01 



Y-scaJing 
control unit 



/'32 



K Cb Cr 

color space converter 
cp3 cp2 cp1 cpQ 



8 



6 



YCfCb2RGB 



?nvert„coJor._plane 



1 



>'8 



TT 



15/ 



15 



configuration 
registers 



✓ '32 



output 
double-buffer 



2^ wr_buft. rd_boff 



wr_en. rd_en 



1e*f 8yT8 /f8 ✓ 
E 



i k' 3 3 J J 



- lines ok 


► 

to read 


r V 

contone 
line store 
interface 





X-6caling 
control unit 



/'32 



Contone 
FIFO Unit 



4 



Halftone/Compositor Unit 



j. 



PEP Controller Unit 



Figure 107. Block diagram of CFU 
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23.7.1 Definitions of I/O 



Table 101. CFU port Mst and description 



Clocks and reset 



PCU Interface 



pcu_cfu_sel 



pcu_adr($:2] 



pcu_dataout(31:01 



cfu_pcu_rdy 



<rf"U**i-data[3 1;0) 
DIU Interface 



cfu_diu_rreq 
dfLf_cfii_rack 



cfu_diu_radrf21:5] 



diu_data[63:0] 



CDU Interface 



cdu_cfu_wradv8Dne 



cfu_cdu_rdad vfine 



HCU Interface 



hcu_cfu_advdot 



cfu_hcu__avail 



cfu_hcu_cOdataf7:0] 
cfu_hcti_d data(7.*0] 



cfu_hcu_c2dataf7:0] 



cfu^hcu^c3data[7:0] 



System clock 



System reset synchronous active low. 



Block select from the PCU. When pcu_cfu_sef is high both 
pcu^aarand pcu_dataout are valid. 



Common read/not-write signal from ihe PCU. 



^ address bus. Only 5 bits are required to decode the" 
address space for this block. 



Shared write data bus from the PCU. 



*7ZT£ S Z PGU * S high it indicate! 

*® J *f c / d f 1 of me aoces S- *>r a write cycle this means 
W dztaouthas been registered by the block and for a read 
cycle this means the data on cfu _pcu__data is valid. 



Read data bus to the PCU. 



CF V^fl d requeSl ' active hi &- A read re <V** be accom-" 
panied by a valid read address. 



Acknowledge from DIU. active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus, cfujdtu_radr. 



CFU read address. 17 bits wide (256-bit aligned 



word). 



Read data valid, active high, indicates that valid read data is 
now on the read data bus, diu^data. 



Read data from ORAM. 



In 



Out 



™«* enne pulse, active high. Indicates that the CDU has fin- 
ished writing to 8 lines of decompressed contone data to the cir- 
cular buffer in DRAM and the data is available to be read by the 



Read line pulse, active high. Indicates that the CFU has finished 
reading a line of decompressed contone data to the circular 
buffer in DRAM and that One of the buffer is now free 



In 



Out 



Out 



Out 



Out 



Out 



Informs the CFU that the HCU has captured the pixel data on 

^T^^ ' ine3 and the CFU <*" now P'ace the next 
pixel on the data lines. 



Indicates valid data present on cfujicu_cf0-3]data fines. 



j^xel of data in contone plane 0. 



Pixel of data in contone plane 1 . 



Pixel of data In contone plane 2. 



Pixel of data in contone plane 3. 
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23.7.2 Configuration registers 

"^Sm^J^ iD ?l CFU ^ pr °8 rammed via *■ PCU interface. Refer to section 21 8 2 on 

rurr ™T' ^ . * C PCU address bus are not required to decode the address soace for the 

bitfO J? ? 3 that U 1CSS than 32 bits ^ 2eros *«>«l ^ M^«I£»S 
b.t(s) of cju_pcu_data. The configuration registers of the CFU are listed in Table 102: 

Table 102. CFU registers 




0x00 
0x04 


Reset 
Go 


1 
1 


0x1 
0x0 


_ A write to this register causes a reset of the CFU. 

. Writing 1 to this register starts the CFU. Writing 0 to this 
register halts the CFU. 

When Go is deasserted the state-machines go to their 
idle states but all counters and configuration registers 
keep their values. 

When Gn ?q occortoH ati _ . . _ 
»wmcsii uoib assenea au counters are reset, but configu- 
ration registers keep their values (i.e. they don't aet 
reset). 

i ne uru musi oe started before the COU is started. 
This register can be read to determine if the CFU is run- 
ning 

(1 - running, 0 - stopped). 


Setup registers 








0x10 


MaxBtock 


13 


0x000 


Number of JPEG MCUs (or JPEG block equivalents, i.e 
8x8 bytes) in a line -i. 


0x14 


BuffStartAdr 


15 


0x0000 


Points to the start of the decompressed contone circular 
buffer in ORAM, aligned to a half JPEG block boundary. 
A half JPEG block consists of 4 words of 256~brts, 
enough to hold 32 contone pixels in 4 colors, i.e. half a 
JPEG block. 


0xt8 


BuffEndAdr 


15 


0x0000 


Points to the end of the decompressed contone circular 
buffer in ORAM, aligned to a half JPEG block boundary 
(address is inclusive). 

A half JPEG block consists of 4 words of 256-Wts, 
enough to hold 32 contone pixels in 4 colors. I.e. half a 
JPEG block. 


0x1 C 


4UneOffset 


13 


0x0000 


Defines the offset between the start of one 4 line store to 
the start of the next 4 line store. In Figure 108 on 
page 294, if BufStartAdr corresponds to line 0 block 0 
then BuffStartAdr + 4UneOffset corresponds to line 4 
block 0. 

This register is required in addition to MaxBtock as the 
number of JPEG blocks in a line required by the CFU 
may be different from the number of JPEG blocks in a 
line written by the CDU. 


0x20 


YCrCb2RGB 


1 


0x0 


Set this bit to enable conversion from YCrCb to RGB. 
Should not be changed between bands. 
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Table 102. CFU registers 




0x28 



0x2C 



0x30 



0x34 



0x38 



0x3C 



0x40 



0x44 



23.7.3 



In ve rtCo lo rPian e 



HcuUneLength 



LeadlnCfipNum 



LeadOutClipNum 



XstartCount 



XscaleNum 



XscateDenom 



YscaleNum 



YscafeDenom 



16 



0x0 



0x0000 



0x0 



0x0 



0x00 



0x01 
0x01 



0x01 



0x01 



Set these bits to perform bit-wise inversion on a per color 
plane basis. 1 
bitO - 1 invert color pfane 0 

- 0 do not convert 
blt1 - 1 invert color plane 1 

- 0 do not convert 
bit2 - 1 invert color plane 2 

- 0 do not convert 
bit3 - 1 invert color plane 3 
Should not be changed between bands 



Number of contone pixels - 1 in a line (after scaling) 
Equals the number of hcu_cfu dotadv pulses - 1 
received from the HCU for each line of contone data. 



Number of contone pixels to be ignored at the start of a 
Une (from JPEG block 0 in a line). They are not passed to 
the output buffer to be scaled in the X direction 



Number of contone pixels to be ignored at the end of a 
line (from JPEG block MaxBkx* in a Une). They are not 
passed to the output buffer to be scaled in the X direc- 
tion. 



Value to be loaded at the start of every line Into the coun- 
ter used for scaling in the X direction. Used to control the 
scaling of the first pixel in a line to be sent to the HCU 
Thrs value will typically be zero, except in the case where 
a number of dots are dipped on the lead in to a line 



Numerator of contone scale factor in X direction. 



Denominator of contone scale factor In X direction. 



Numerator of contone scale factor in Y direction. 



Denominator of contone scale factor in Y direction. 



Storage of decompressed contone data in DRAM 

The CFU reads -decompressed contone data from DRAM in single 256-bit accesses JPEG hlorVc „f 

decompressed contone data are stored in DRAM with th» ™ accesses. JFfcG blocks of 

is in order to optimize access for^ « shown ™ e arrangement 

in each 256-bit DRAM word. The ^t^m^^^^S^ Tr 

256-bit DRAM access. o4-bits in 4 colors from a single line in each 
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4 line 
store 



DRAM wortJp 



DRAM wordp+4 



DRAM 



4 fine 
store 



DRAM word p+4n 

DRAM word q 
DRAM word o+4 



DRAM word q*4n 



JPEG block 0 
lines 0 to 3 



JPEG Mock 1 
lines 0 to 3 



JPEG Wock n 
HnesOtod 



JPEG brock o 
Gnes4 to 7 



JPEG block 1 
fines 4 to 7 



JPEG Wock n 
lines 4 to 7 



255 



_191 



C3^0 I 


C2L0 i 


C1L0 l 


COLO 


C3^T l 


C2L1 i 


C1L1 i 


C0L1 


C3^2 1 


C2L2 , 


C1L2 l 


C0L2 




_C2U t 


-C1L3J. 


-C0L3 



word p 
wordp+1 
word p+2 
wordp+3 



255 



191 



C3^4 i 


C2L4 • 


..Q1L4 


.!. C0L4 


C3L5 i 


C2L5 i 


C1L5 


r COLS 


C3L6 i 


C2L6 i 


C1L6 


i C0L6 


C3L7 i 


C2L7 I 


C1L7 


I C0L7 



wordq 
word q+l 
word q+2 
word q+3 



f mpOes one 256 bit read of e word in DRAM 



CX - Color X 

LY - Une Y or 8 bytes of a line in a JPEG block 



Figure 108- DRAM storage arrangement for a single line of JPEG blocks in 4 colors 

sequence, as shown in Figure 108, is 



The CFU reads data line at a time in 4 colors from DRAM. The read 
as follows: 



line 0, block 0 in word p of DRAM 
line 0, block 1 in word p+4 of DRAM 

line 0, block n in word p+4n of DRAM 

(repeat to read line a number of times according to scale factor) 

line 1, block 0 in word p+1 of DRAM 
line 1, block 1 in word p+5 of DRAM 

etc 



23.7.4 



Decompressed contone buffer 

-vertenlntea^e^^ 

t^w, 6 PfT f idC L ™-Win*<xt*s *e current buffer within each double-buffer that writes are to occur 
to. Wr _sel selects wh.ch double-buffer to write the 64 bits of data to when wr_e„ is airtTd 
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23.7.5 Y-scaling control unit 

DRAM m single 2*-biI accuses. nLvtag i^Jifn^TT? """°'" ! *" is **< »»«> 

All counters and flags should be cleared after reset Wh„ r~ _ 

should take their initial value. While the Go b^t^ fj Mans from 0 to 1 all counters and flags 
buJLoUoM flags to tell it whe^to^, £ ^ 0n «! 

When is 0 the stTe S 11^^527' ? "^^^DRAM. 

machine continues to load data into the de^m^JS D ° thm 1 fJ Vhen l<ne8_okjto_read is 1 the state 
space available in the buffer **°™P™sed contone buffer up to 256-bits at a time while there is 

A bit is kept for the status of each 64-bit buffer- ■, m , ^ . 

ird-buff) for the current buffer^ ^^iS^^-***?* U *<> ^s asingle bit 
that writes are to occur to. are to occur from, and a s.ngle bit (wr_buff) for the current buffer 

^-ok_to_ W riteeqvuds--buJia Va ilfwr buffi When a u-r «A A,,*- i • 

is set, and *r_*#js inverted. Whenever JL dL ™i£ • ~ f ^ l$ received ' ^ff-^ailf^r buff] 
of data from DRAM to the b^Z ^^J^ * ^rted to write the 64-bf 

KSjjZ tt!?!^ *" - ou^ut double- 

*Lm and ^/ gets hocL-ed S val^^ ^ ^ *" Mfc * ***** 

wnte the data to the output double-buVer of It Sj tSen f^ln T ? f0 " 0Wing <* de to 
bl 1 1 and *_en is asserted, buff_ avai l [rebuff] \ ^ 

direction is thus performed. 6 Scalm & to the printhead resolution in the Y 

^ ^ dram. n.**. f i J^istwssssass^--^ 

// assign read address output to DRAM 
cdu.diu.wadr [21: 7] = curr^ha If block 
cdu.diu^wadr[6:5J = li ne [l:0J 

" in^a^^— - -~ a £ter each ^ read access 

15 £2?.- ra ~- block) " - - - dlns . line of conton6 ln up co 4 coiors 

« Sslsss* 1 : y d s v : a n r: line of — in — 

y-scale.coune , £££^//;E'£L~ °' 
Pulse RdAdvline y-Scaie_denom - y_scale_num 

Jl^ " e " 3> • " ° f «- *- 4 tine score o f co„ to »e daca 
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line 



curr^halfblock = buf f_start_adr 
line_start_adr = buf f__ st art_adr 

line_st«rt_«dr = buff.start adr 
else ~ 

curr_halfblock » Xine_ start _ adr + , line f 

li»e_» tarti _ adr = lin e _ sta rt_ a dr ♦ ^ineloffs.t 

else 

line ++ 

curr.halfblock = line_start adr 

else 

// re-read current lin© f roro DRAM 
y.scale.count = y_scale_count ♦ y scale rt*.™™ 
curr_halfblock = line.start adr y - SC * ie - den ™ 
else ~ 

block ++ 
curr_ha If block 
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cfu_diLr_rreq = o 

wr_se! e 0 
wr_adv_btrff « 0 



cfu_diu_rreq « o 

wr_sef * o 
wr_adv_buff « o 

[ reset J 



■»( idle ^ 



c 



Go ~» 1 

cfu_diu_rreq ■= 0 
wr_adv_buff » 0 



req 



c 



> 



faff pK to wots 

cfu_dlu_fToq & 1 
wr_sel sO 
wr^adv^buff = 0 



ack 



c 



3 



tfju ffl mrK -y J 
cfu_dru_rreq » o 
wr_sel a o 



readl 



c 



d?U Cftl p yaft^ ^ i 



Cfu_diu_rreq * 0 

wr_ser o o 
wr_adv_bufl = 0 



read2 



c 



J 



dlu chi /yaffil — 1 



cfu_dhi_rreq « 0 
wf_adv_buff = o 



read3 



c 



diii cfii aam go 1 

cfu_diu_rreq = 0 
wr_seJ = 2 
wr_adv_buff « 0 



read4 



> 



cfu_3lu_rrea O 



i_dlu_rreq « 0 
wr_sel « 3 
wr_adv_buff a 1 



Figure 109. State machine to read decompressed contone data from ORAM 
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23.7.6 Contone line store interface 



Si 



The contone line store imerfacep r o^Ae m«Ilw P *? CFU ***** them ^at-a-time. 

DRAM when the CDU has writtentfonS St „f ♦ , ^ CFU may onI y *> from 
lines, it sends an ZSSSSfto^! cm °h CDU has ^8 8 

CFU m a y eondnuerea a i fr omDRXJ^ Ct^^^^-^'? b — ted * 8. The 
set while buffjines_avail is greater than 0w2.fr 3;™^ ^ 0. Une8_ok_j 0 _read is 
from DRAM, the Y-scaling completely fimshed reading a line of contone data 

CDU to free up the line inlhe bSert DRA^I T/ltT C ° Dt ° ne ^ St0re mterface and to the 

vline pulse. m DRAM - toJTJtnes.avaU ,s decremented by 1 on receiving a 

23.7.7 Color Space Converter (CSC) 

ROB. If YCSCbZRGB „,„»J, 0, she t»™eKT,£ £itl£ T"^ *f V"™™ ^ YCrCb ,o 
second stage. The 4th color pUiM ifo^f k^f.^T" " d ,he *»■ P»« b ■» P»sed to the 
latency of the convert YCrCh SbELST^ fT" '° RGB "«*• Note that the 

plette es it bosses the block. KOB ,s 1 This latency should be e,ualiaed for the 4th color 

^^XX£Z^£&Z^>™^*«* ^s o^er the conrrol of 
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Figure 110 shows a block diagram of the color 



space converter. 




cpO 



cpj 



■> cp2 



cp3 



YCiCb2RGB 



'"vert.cofaf^plane 



23.7.8 



Figure 110. Block diagram of color space converter 

vers.on is implemented as follows- accuracy is maintained with 1 8 bits. The con- 

• R*«=Y + (359/256XCr-l28) 

• G* = Y - (183/256XCr-128) - (88/256XO>-128) 

• B* = Y + (454/256XCb-128) 

pur » a gives output RGB = [0 1 , 136 2 , 0 3 1. 

X-scafing contro( unit 



K -179 is saturated toO 

2. 135.5, with rounding becomes 136. 

3. -227 is saturated to 0 
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if (wradv i) then 

^ nf^ 1 - COUnt *• ^^locJcblll,, then 

pixel_count = o 
else 

pixel_count ++ 
if Upixel_count < leadin^clip^um) 

OR (pxxea_count > ({max block Hint 
^-en - 0 "■WLMock.blll) ~ ^adout_cli p ^num) ) ) then 

else 

wr_en a= i 

When a wr_en pulse is sent to the output double-buffer huff „. -,r ^ 

The output cju_hcu avail equals Jr «JH H # " * SCt ' «* -verted. 

JSfn*? is — * Wise s^-smk??: «. * «*— * «. 

£"* ^ *» HCU has captured the pixel data ~*W Acu^c/*** t0 

the next pixel on the data lines. ™*°*cJ»-hcu_c[0-3]data lines and the CFU can now place 

fe«£ 52 SSfSgSS JSSSJ SSSJ 61 * «— - *e X direction to produce 
algorithm for non-integer scaling is de*ribedT£ ttS? 5 ^T^^ by P* el Ration. The 
loaded with xj,tart_count after^t anJ atAe Id of ST^-t N ° tC ' should be 

J« pad is scaled by. hcujinejength ^Thc^ldLZ^L^ ° M * the 

line that is sent to the HCU is scaled by. ^ COntrol the "Mum by which the last pixel in a 

if (hcu.cfu.dotadv == 1, then 

rd_en « l x_scale_denora - x_scale_num 

else 

else 

x scale_count = X_scale_count 
*"d_en =o 

When a ^ pulse is received) ^ „ ^ ^ ^ ^ 

received, then a „0* pulse is genrate^prTen, and 3 *™-<*oWv pulsTS 
reset to 0 and^ ca/e _ COMW & Lded ^^^T " ** ^ ° f ^ CFU ' 2 
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24 Lossless Bi-level Decoder (LBD) 



24.1 Overview 



*= or , iras ,„ zsL fir r?-* "»=• ™ d 

compression, the LBD can coDe with Mv r^™.^ ^ ? *° PEC " *o be able to print text at 10:1 
pass-through mode is proved for 7 ^ZTTt """V* rcquested DRAM ^ess is available. A 
50:1. Lossless bi-level compression across ^^Ir P0U ? P T *** com P resses a ratio of about 
which compress poorly. mpreSS '° n 10088 3,1 avera « e W « about 20:1 with 10:1 possible for pages 

JSZXSSo* F7pO^!rLdfn e ZT Sed W - leVel ^ ^ ^-P-ed bi-«eve, data is 
unit) for the next s^lu. thlptiS^Z^T^f " t0 «"* " CU <Halftoner/Composito 
is used by the PCU aid is ^^SSiSSS^SSi " ^ 4 A* 



ORAM 
Interface Unit 



PCU 


4 


LBD 







Spot FIFO 
Unit 



HCU 



24.2 



Figure 111. High level block diagram of LBO In context 

Main features of LBD 

Figure 1 12 shows a schematic outline of the LBD and SFU 
The PECl LBD is required to output 2 dots/cycle to the Hn r n,;. *u 

SoPEC to minimise changes to the Wockalm^h in ^nS'I^L^? UghpUt "**®*y * stained for 
PECl LDB outputs 16 bite in parallel to me PEotol £Svf "7 WiU ^ ^ 1 
the LBD in SoPEC can run much faster than SuS : ^° rCtamed for SoPEC Therefore 

processing latency, to be absorbed ^ ™" " ^ for all<win « «* <»* to band 

^edTa^ecial^S £J j^^** -^<>, Pass through mode is acti- 

pammed number of bits. ^^^^^^^ *» d « «« - *■ a pre-pro- 
length code, followed by pass through. run-length code ls always executed as a run- 

ss^rrt'sr?,: -» ™° « «w» «. 
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Kbytes of stooge. '• 7Kb J« s of storsjo. Alt A3 line of 19488 dots requires 2.4 

TJ. LED tasked .are. ^ „ export, to the PCU and is oddidooei.y trereUb,, „ te CPU „ „ ^ 



LBD 



FIFO 



SFU 




DECODE 



I 



As 



FIFO nextjiite' 



FIFO prevjfne 



FIFO 



currjlne 



DRAM read 



AH FIFOs are 64 bytes 
(twice the ORAM data 
word width) 



64 

ORAM 



DRAM read 



HCU 



□ 



Figure 112. Schematic outline of the LBD and the SFU 
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24.2.1 



S3 



BMevel Decoding in the LBD 



Table 



^^jgj fa csh""e style compassion * n „^ 




number of bits, whichever is shorter. llJ££££5 ll^ , ° f ^ " f ° r * W«W»d 
followed by pass through. The pass tbiouS^can^^S, t* T V * eXCCUted 45 a ™n-leflgth code, 
than or equal to 31. ««°ugn escape code is a medmm length run-length with a run of less 



l T ? l b !° IS£ Run <ength (RL) enco «"ngs 




RRRRRRRR1Q 
RRRRRRRRRR10 



L 



« I 

E 



RRRRRRRR10 



RRRRRRRRRRR RRRRO q 
RRRRRRRRRRRR RRRoo 



Medium Black Runlength (10 bits) 



Medium White Runlength (8 bits) 



Medi um Black Runlength with RRRRRRRrrr <3 3 f 
Enter pass through 01 * 



Medium White Runlength with RRRRRRrr <= 3 f 
Enter pass through 



long Black Runlength (15 bits) 



Long White Runlength (15 bits) 
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Since the compression is a bitstream th^ 

icant bit). The run lengths JSS£SS^^StS^? Z ***** "*> to left <™« ^ 
the right to most significant bit at theierU m ^ Way ° east bit at 

There is an additional enhancement tn ih*> c^a r 1 

for data to compress negativS^g £ £ £ n '° ^ lt is P ossiWe 

pass the data to the LBD as un-com^^d It, p 8 ?° ° CCaS, ° ns ,ike this * w °uld be easier to 
mented in the PEC1 version ^SS^SiSSSP^ * 1™* ^ Was n0t 
the data stream is an un-compressed £ Sbifi! u^to S^SX^,^ " ° f 
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24.2.2 



the coding scheme of Table 104 it is still i Jli , ? ded 35 a short length. However under 

beeadesignedsothatifashortni ^^^S;^ 1 ^ "»> has 

comrnand confining this runlength co^K* £ t^eT^S? 0 ™*'* 0 ™ 0 "* 1 

^"-'-thecurr^^ 
DRAM Access Requirements 



Table 105. DRAM bandwidth requirements 



Direction 



Read 



Maximum number of 
cycles between each 
256-bft ORAM access 



256 1 (1:1 compression) 



Peak Bandwidth 
(bits/cycle) 



, 7 — ' = : I 1 (t:1 compression) i 0.1 (10 ;1 co 

1: At 1:1 compression the LBD requires 1 bit/cycle or 256 bits every 256 cycle! 



Average Bandwidth 
(bits/cycle) 



OJ (10:1 compression) 
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24.3 Implementation 

24.3.1 Definitions of IO 



S3 



Table 106. LBD Port List 




lbd__diu_radrf21:5] 



diujbd_racfc 



diu__dataf63:0] 



64 



diuJbdLrvalid 



In 



In 



In 



rfn^T** 2™ rcad ' A read nxist oelc^nT 

panied by a valid read address 



Read address to DJU 
1 7 bits wide (256-bit aligned word). 



^knc^edge from DIU that read request has been" 
accepted and new read address can be placed on 
iocf_atu_ra(fr. 



Data from DIU to SoPEC Units. " ~ 

First 64 -bits Is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is bits 255:192 of 256 bit wo rd 



pcu^dataout(3 1 :0J 



pcujbd_sel 



SFU Interface < 



32 



In 



In 



In 



Out 



PCU address bus. Only 4 bits are required to decode the 
address space for this block. 



Shared write data bus from the PCU. 



Read data bus from the LSD to the PCU. 
Common read/not-wrrte signal from the PCU. 



^J£ leCt ? 0rn th8 PCU ' When WJWL*«f is high both 
pcu_addran6 pcu_dataout are valid. 



cKh^S? When Ngh it inoi 

cates the last cycle of the access. For a write cycle this 

torTrea^^^ 8 T re ° iStered * m * Wo <* 
tor a read cycle this means the data on tbd_pcu_<tatain is 



sfu_lbd_rdy 



lbd__sfu_adviine 



Ibd,sfu_piadvword 



In 



Out 



Out 



fl*,*^* 1 indlcatin 0 s ™ has previous iine data 
avaiJabJe for reading and is also ready to be written 



Advance line signal to previous and next fine buffeTT 



Advance word signal for previous iine buffer. 
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24.3.2 Configuration Registers 

Table 107. LBD Configuration Registers 



I 



Control registers 



0x00 



Reset 




Setup registers (constant for during prp cessfnT^T 



0x1 



0x0 



0x08 



OxOC 



0x10 



UneLength 



page) 



J 



A write to this register causes a reset of 
the LBD. 

This register can be read to indicate the 
reset state: 

0 - reset In progress 

1 * reset not in progress 



Writing 1 to this register starts the LBD 
Writing 0 to this register halts the LBD. 
The Go register is reset to 0 by the LBD 
when it finishes processing a band. 
When Go Is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep their 
values (i e. they don't get reset). 
The LBD should only be started after the 
SRJ is started. 

This register can be read to determine if 

the LBD is running 

(1 - running, Q - stopped). 



PassThroughEnabfe 



PassThroughDotLength 



16 



0x0000 



0x1 



16 



Work registers (need to be set up before processing 



Width of expanded bHeve! fine (in dots) 
(must be a multiple of 1 6 bits). 



0x0000 



Writing 1 to this register enables pass- 
through mode. 

Writing 0 to this register disables pass- 
through mode thereby making the LBD 
compatible with PEC1. 



Number of dots for which pass-through 
mode win last. If the end of the line is 
reached first then passthrough will be disa- 
bled. 



0x14 



0x18 



NextBandCurrReadAdrf2l «5J 
(256-bit aligned ORAM address) 



NextBandUnesRemaining 



17 



15 



0x0000 
0 



0x0000 



Shadow register which is copied to 
CurrReadAdrwhen (NaxtBandEnabte 
& Go = 0). 

NaxtBandCurrReadAdr is the address of 
the start of the next band of compressed 
bi-level data in DRAM. 



J 



Shadow register which is copied to Lines- 
Remaining when (NextBandEnable 1 & 
Go = Q). 

NextBandUnesRemaining is the number of 
lines to be decoded in the next band of 
compressed bi-level data. 
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Table 107. LBD Configuration Registers 









$00 




I 0x20 


• 


i 


uxu 


Shadow reaister which iq rv>rja^ o . 

UneSource when (NaxtBandEna&e = f 
4SGo=t=0). 

1 - use the previous line read from the SFU 
uowu,ri 8 Ul ° «rsi "ne at the start of the 
next band. 

0 - ignore the previous line read from the 
SFU for decoding the first fine at the start 
of the next band (an all 0's line is used ' 
instead). 


| Work registers (re 


Next Ban dEnabie 
ad on. y for external access) 


1 


0x0 


K(NextBand&nabfe = i & Go«=0) then 
-NextBandCurrReadAdris copied to 
CurrReadAdr, 

-NextBandUnesRemaining is copied 

to UnesRemaining, 
-NextBartdPrevUne Source is copied 

to PrevLlneSource t 
•Go is set, 

-NextBandEnabte is cleared. 
To start LBD processing NextBandEnabte 
should be set 


{ 0x24 ' 


CurrReadAdrf 21 :5J 

(256-bit aligned ORAM address) 


17 




The current 256-bit aligned read address 
within the compressed bMevel image 
(DRAM address). Read only register. 


0x28 
J 0x2C 


UnesRemaining 


15 




Count of number of lines remaining to be 
decoded. The band has finished when this 
number reaches 0. Read only register 


I 0x30 


PrevUneSource | 


1 




1 - uses the previous line read from the 
SFU for decoding the first line at the start 
of the next band. 

0 - ignores the previous line read from the 
SFU for decoding the first line at the start 
of the next band (an air 0's line is used 
instead). 

Read only register. 


I 0x34 


CurrWriteAdr 


15 




The current dot position for writing to the 
SFU. Read only register. 




FirstUneOfBand 


1 




indicates whether the current line is con- 
sidered to be the first line of the band 
Read only register. 



24.3.3 Starting the LBD between bands 

SFU "V?" i! <n*™« «» ■ «« ***** for the cap***., 

ana, wmic the HCU continues to process previously decoded bi-level data from the SFU 
lhereare4 mechanisms for restarting the LBD between bands: 

" — : Page 308 




LBD restarts immediately. ^ ^ NextBan ^^le is already set so the 

f _ ^ r . u . , . , , icgibiers ana set NextBarxdE noble to restart the LBD The advan 
d.This is a combination of £ and c above The prr r /ww *u ▼ * , * 

cornrnands from DRAM. The iTbd SSSSS^^ 

mands from DRAM. The PCU commands pro^m&e LRn-^!^ ^ ^ C ° m " 
BandEnable for the next band P ^ LBD S shadow W«« «»d sets M*/- 
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24.3.4 Top-level Description 

A block diagram of the LBD is shown in Figure 1 13. 



ORAM interlace Unit 



\64 \17 



lossless bJ-levol 
decoder unit 



Stream 
Decoder 



15 



^pass.through.doCiength 



^ pass_tnrough_enabte 



prevJlne_source 



J 



fines_rema[nfag 



foie.tengtrt 



Command 
Controller 



15, 



I 



IS 



aO , 



1 5b1p 



Jbd^ffnisfiedband 



Next Edga 
Unit 



UneFlU 
Unit 



sfu. 



_sfu_U d_rfy 



data 



1 kJO^, 



data valid 



End of Band 
Unit 



Ibd.sfu^piadvwor^ ' 



bd_pldata 



.advJine 
* 



1$ lbd|_sfu,wtfag 



Previous 
Une Buffer 



Spot FIFO 
Unit 



wdatavaHc 



Next 
Line Buffer 



Figure 113. Block diagram of lossless bi-level decoder 

The LBD contains the following sub-blocks: 



Table 108. Functional sub-blocks In the LBD 




Stream Decoder 



Command Controller 



Next Edge Unit 



Line Fill Unit 



Reset signals for the rest of the LBD 



tT^TJ^l bMeVer tfe «rtP«on from the DRAM through the OiU inter- 
face. It decodes the bit stream into a command with arguments which it 
then passes to the command controller. ° ' n,cn 11 



Interprets the command from the stream decoder and provide the fine fill' 
provides the next edge unit starling address to look for the next edge. 



f 6 T™ 8 Une Buffer USin9 te to find 

^2 * I * ~'° f P"* 1 ** * * e ™"inand controlier. The next 

Lntr^rJ aS me neXt CUrrent address ba <* to the comn^d 

controller and sets a valid bit when this address Is at the next edce 



limit address. The color and limit are provided by the command controller! 
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SVV's 252?^?*" ^ deCOdCS *** *» to «"« *~* .ine but writes this data into the 
Naming of signals and logical blocks are taken from [18]. 
The LBD is able to stall mid-line should the <?fi i k»..^oi.i . 

line frame due to band processing Sency SUPP ' y 3 PKVioUS line or receive a current 

All output control signals from the LBD must alwavs be vatM a <w 

24.3.5 Registers and Resets sub-block description 

tens. The register descriptions for the LBD are listed in TablelO? SC ° rcgis - 

Jja in the case of LinesRemainiag , LtTK^^^ J*** £ 

LBD ignores the previous h£ iiEEi 1££f2Sl?-Jf ' ^ * U "" L ff * ° * * c 
line regardless of what the out of the?FU is and acts as ,f ,t , s receiving all zeros for the previous 

wt^e^^ 

pressed data stream guesting data from the DIU and commence decoding of the com- 



24.3.6 



Stream Decoder Sub-block Description 

the empty space created by 2.22 Sffl S2£ £ K v ^ W " d to *" FIFO t0 m U P 
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A dataflow block diagram of the stream decoder is shown in Figure 1 14. 




Figure 114. Stream decoder block diagram 



24.3.6. 1 DecodeC . Decode Command 

The DecodeC logic encodes the command from bits f, I) n f,i,. k;» «~__ 

mands: SKIP. VERTICAL and RUNLENGTHlt „ a S * eam *° ° Utput one of three corn- 

consumed, which feeds back lofteSSSS renter ^ " ^ l ° **** how bi * were 

as a medium nmlength this tell the Stream D^oder SJSC T ' ,* ,CSS than 31 ' encodcd 

length is decoded completely the LBD^eJSS WRnnrZ TT?, COmmand run- 
be a number of bits that represent un "ompSsel dlla^^n there 
all these bits have been decoded suTc«STthtt^„ ^ ^ PASS -™ROUGH mode until 

or the line ends, which ever com* mS . 0CCUr ^ * P"* 1 **™* number of bits is reached 

24.3. 6. 2 DecodeD - Decode Delta 

Sc^dlT^TaS , i 0m ^ 20 " 3 ° f the «* ^odeC is decoding a ver- 

dots for an A4 page and M^T^^&S^™ * 7* * ^ ^ " 13824 
. _ _ page t°* 32 »768), a 2 s com plement representation of -3,-2,- 
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iwillwork correctly for the data pipeline that foHows. m s unit also outputs how many bits were con- 

rbS^r^ srr panses the bits that represent ™ Prc ssed d^ , d 
^^sstt^ss ££ srjTf s decode ? coirectly - biack - wwte 

and the current command. PS ° f nCXt color based on c "™« color 

24.3.6.3 State-machine 

fetch from the command controller another RumPMr^lZ . ? slufL In «nstruction 

Command Controller Sub-block Description 



24,3.7 
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Figure 115. Command controller block diagram 



24.3.7.1 State machine 



The following is an explanation of all the states that the state machine utilizes 

i START 

ii AWAIT^UFFER 

state when the ^^^S^^^^^tS^^ * ^ 
mand controller can proceed to the PARSE state N ^U_RUNNING state. Once this occurs the com- 

iii PAUSEjCC 

teoto) or if ^J&O* 80BS ,„ ,„„ „ d n. ailSU^S *S. d SSS t *SS f,rr 
command controller enters to *rhi>™» tfc; c ^ , ° P ause - PAUSE JZC is the state that the 
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When in this state the command controller can receive one of four valid commands: 
a) RunJength or Horizontal 

ctoge, iw a. iw^SSSS' Poi "- " e ' :,,mn, "" , «""'•>"" 

ft* Vertical 

-fact „ h imsM . J to if . ^££££25- » « «■ — h. wbi tt ,o 

elem.m on tta previa lille , for .^ESmSSI^ ™ . """" "°" " M *• "*-«■'■« 

«m . m «. m - J. *„„ JSgSS S7fa e SSoit« to "* — 

Skip 

cl^^ ~«man* but me color in the current line is not 

tha^ne caun^Z^^^I^^Z ^ ^ - W ** 

the current color in this case. ^ftca/(0) commands and has been coded not to change 

4) Pass Through 

^e^r^^t^r^ ^?<Tl bit PCr *"* ^ is uses to construct 
LBD can reSeS"oCS p ^ S a S P T Sc^ b ^ T ^ * *"■» deCOder ' 
color as the last bit in un-comproS^Tta 2Tp2 ""^ a ? er paSS throu 8 h mode 18 ** 
command controller as each SSmTcSS^ 7? ^ ^ ** ^ 6X118 in *■ 
ccssed in one clock cycle ^ command received from the stream decoder can always be pro- 

v WATT_FORJiUNLENGTH 

controller will return to t^SsSc "^'^ * ' S n0t ^ ° f Kne the com ™"d 

w WAIT_FOR_NE 

remains here until ^ge Sti, ^^ on ^ U « e nters the WAirjVRjm state and 
return to the PARSE tj? * end ° f We ,ine me commat "l controller will 



Doc: SoPEC_handware_design 
Version: 2.3 



S3 Proprietary Document 




SoPEC : Hardware Design 



S3 



vii FINISHJLINE 




Figure 116. State diagram for the Command Controller (CC) state machine 
24.3.8 Next Edge Unit Sub-block Description 

=~ the NEU ^^K^r S ^jX°rS^t^ 
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tinue doing this until it finds an edge or reaches th* p«w ~r *u 



Line 

fill 
Unit 



&Lcolor 



15/ 



vminlis_zero 



li 



Command Controller 



15 



state 
machine 



control 
signals 



15' 



Stream Decoder 



15' 



11 



detect 
edge 



prev_Bne_a 

prevjtoe_b 
« £ 



16 



buffer 



plbuff_rdy 



jSfuJbd.pldata 

£ 



16 



ted' 



SFU 



Next Edge Unit 



,sfu_pladvword 
sfu_advfine 



Figure 117. Next Edge Unft block diagram 



24.3.8.1 NEU Buffer 



presentt . problem t„ vrfc.i S^dTir iS. ' T"* >« « * «•» »»» the SFU. This 
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frame it needs it on the next clock cycle to maintain a decoded rate of 2 bits per clock cycle A more 
detailed diagram of the buffer in the NEUis shown in Figure 118. 



16 

_prev_«09_a 4 yl_ 



16 

use_prev_Ur>e_b « 



PLbufCnJy- 



16 



sfu_tbd_pwata 



pl_buff_rdy_dly 



Figure 118. Next edge unit buffer diagram 

24.3.8.2 NEU Edge Detect 

The NEU Up Detect block takes the two 16 bit vectors supplied by the buffer and based on the current 
line posmon » the current line, aO, and the current color, sdjolor, it will detect iS^^^ 
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c 



use^prav_(ino_a 



15 



J c 



0 3 15 



use_prevjine_b 



Frl 



transit to n_wtob 



] C 



vansftion.btow 



coior_neu 



19j/ <tecode_b_ext & decode.b & FIRST_FLU_WRJTE 
19 J 




igP end_frame 



19£ masked,. data 



encod e_b_ooe_hot 



3 



encode_b,4bit 
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Figure 1 19. Next edge unit edge detect diagram 

any ine same as transition J>taw, but it detects white to black transitions 

transitions SSow 3« '££2 S 7 fl"™ 0 S ' ™ en the y together it means that all the 
at/ afC lgnored and d" 5 n«t transinon after a0 is picked out as the next edge. 
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Table 109. Decode J> truth table 







0000 


1111111111111111 


0001 


1111111111111110 


0010 


1111111111111100 


0011 


1111111111111000 


0100 


1111111111110000 


0101 


1111111111100000 


0110 


1111111111000000 


0111 


1111111110000000 


1000 


1111111100000000 


1001 


1111111000000000 


1010 


1111110000000000 


1011 


1111100000000000 


1100 


1111000000000000 


1101 


1110000000000000 


1110 


1100000000000000 


1111 


1000000000000000 



Tab| e 1 10. Decode_b_ext truth table 





wmm 


Vertical(-3) 


111 


VertIcsaJ(-2) 


111 


VerlicaJ(-l) 


011 


OTHERS 


001 



FIXST__FLU_ WRITE is only used in the first frame of the current line 2 2 5 al in n R] ♦„ «d - 

is ORed 

^inon vector The output of this, masked^data, is sent into the encodeB_pne_hot block 
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24.3.8.3 Encode_b_one_hot 



J3 



The encodeJb_pneJiot block is the first stave* n f a n„« ^ 

address of the 0 to 1 transition. Tabteln Sta £ JEJ^^^T^*^**"^* 
block. "win lists the truth table outlining the functionally required by this 



Table 111. Encode_b_one_hot Truth Table 





xxxxxxxxxxxxxxxxxxt 


ooooooooooooooooooi 


XXXXXXXXXXXXXXXXX10 


000000000000000001 0 


XXXXXXXXXXXXXXXX100 


0000000000000000100 


XXXXXXXXXXXXXXX1000 


J 000000CKJOO0O0001000 


xxxxxxxxxxxxxxioooo 


I 000)000000000010000 


XXXXXXXXXXXXX1 00000 


I 0000000000000100000 


**aXXXXXXXXX1 000000 


| 0000000000001000000 


xxxxxxxxxxxiooooooo 


I 0000000000010000000 ) 


xxxxxxxxxxioooooooo 


[ 0000000000100000000 


XXXXXXXXX1 000000000 


0000000001000000000 


xxxxxxxxioooooooooo j 


0000000010000000000 


XXXXXXX1 00000000000 


0000000100000000000 


XXXXXX1 000000000000 j 


0000001000000000000 


XXXXX1O000OO0OO0000 


00000 1 0000000000000 


XXXX1O0O0O00OO000O0 j 


ooooioooooooooooooo 


XXX1000000000000000 


00010O0OO0OO0O0O000 


XX10000000000000000 r 


0010000000000000000 


X1CK)000000000000000 


0100000000000000000 


1000000000000000000 J 


10CKX)00000000000000 


ooooooooooooooooooo j 


ooooooooooooooooooo 



*?fi«f ^ * at Wil1 denote where edge transition is 
the first one wil he nirV»A e uu 15 



, rt „ of , V : — 15 a one-not" vector that will < 
located. In cases of multiple edges, only the first one will beTicS 

24.3.8.4 Encode_b_4bit 
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rdSonS C0IWnand " bdng Pr0CeSSed - 7116 f0imU,a that is ^niented to return blp to the 



command 



for V(n)blp = x * n modulusl6 
:cZnd. iS nUn,ber tlMt eXt " Cted fr °» ^ *«-^- vector flnd n is the vertical 



24.3.3.5 State machine 




Figure 120. State diagram for the Next Edge Unit (NEU) state machine 

The following is an explanation of all the states that the Estate machine utilizes. 
I NEUJSTART 

"Si i^t^rs^sss r s- or when c ° ^ b - ■ ™* 

controller has entered t s WWBUFfIZT^?^ "T** ^ * deteCtS ^ command 
state. AWAIT_BUFF state. When this occurs the NEU enters the NEU_FILL_BVFF 

U NEU_FILL_BUFF 

comply i, ratm a. Wfy^cS fo " **""• *~ ,te P™*" 5 °»« 
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T^NEU waits in this state for one clock cycle while data requested from the SFU on the last access 

iv NEUJiUNNING 

NEU_RUNNING controls the requesting of data from th<> wrr ^ a 

v NEU^EMPTY 

theLBD. ^enea. i nis occurs when the enJ_ofJtne signal is detected from 
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24.3.9 



Line Fill Unit sub-block description 

when it has put together a it " by ** C ° md ContrclI <* «* 

that the dJL vail, by stroll t0 SFU ' ™* LBD to the SFU 



A dataflow block diagram of the line fill unit is shown in Figure 1 19. 



Next 
Edge 
Unit 



Stream 
Decoder 



command contnXler 



15, 



hotd_sd_ccW 



vmfnus_zofo 



command 



delta 



15^ 



State 
Machine 



line no unit 



4 Omit 



Instate 



cotor,seLi6blL« 



'16 



16 ✓ 



line_fifl_data 



*ork_5fu_wdata 



ig, lbd_sfti_wdata 



wdatava fid 



lbd_sfu_adv(ina 



SFU 



Figure 121. Line fill unft block diagram 

The dataflow above has the following blocks: 

24.3.9.1 State Machine 

The following is an explanation of all the states that the LFU state machine utilizes. 
i LFUJSTART 

S ~ e c™^ ~ - or when * *- becn 

longer zero, this only occurs oncTSe^^nH ^^, ° ^ bMn aSSCrted ^ il detects 1,131 "0 is no 
onjy occurs once the command controller start processing data from the Next Edge Unit, 



ii LFUJfEW_REG 
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mi LFUjCOMPLETEJIEG 



IP — UNF I FNfTfH 




Figure 122. State diagram for the Line Fill Unit (LFU) state machine 

24.3.9.2 line^WLdata 



if Ufu.state == LFU_START) OR (lfu_state == LFU NEW REG) fch« n 
work_sfu_wdata « COlor_sel 16bit If ^-NEW.REG) then 

else ~ 

work_sfu_wdaca[(15 - limic) downto limit] = 

color_ael_16bit_lfr(i5 - limit) downto limit] 
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25 Spot FIFO Unit (SFU) 

25.1 Overview 

HCUeI SLEL* ffr^ ? ^ * WWch « ***** belwe » LBD and the 
HCU By abstracting ihc buffering mechanism and controls from both units, the interface is clean between 
the data user and the data generator. The amount of buffering can also be increased or <koS w,Zl 
LBD - HCU. Scaling of data is performed in the hoio^nd ££ZS££S 
M *e ^ 0l ? Ut i° *■ , HCU "-"*»» *• P*- solution. Non-integer scaling is supped i£ 

25.2 Main features of the SFU 

The^SFU replaces the Spot Line Buffer Interface (SLB1) in PEC1. The spot line store is now located in 

The SFU output the previous line to the LBD, stores the next line produced by the LBD and outputs the 
S ^ J**" J DRAM * via a feeder FIFO. The LBD interfaces to the S a d^ 
width of 1 6 bits. The SFU interfaces to the HCU with a data width of 1 bit. 

fl^'V*^ W ° rd ^ dth is 256 " bits but LBD line length is a multiple of 16 bits, a capability to 
fore S£U SSKL 1 81 ? ° f / ,iDe iRt ° 3 256 " bit DRAM - old * "Sd Sre! 
pSteT iDe ' Which d ° not fiU the DRAM word » be 

tBl^fj^™^^ iDdiCatCS tbat SFU is avaUab,e for **** ^ r «d««g- ^ the first 
«5 i ^ u f° haS bee " P^ous line data is not supplied until after the first 

Stn>be , f 5 m J" WD (zer ° ^ " "W" — *J*-/* to the uTd indlcSs 

2?cS i^JTS*? r^ 8 - tells the SFU to advance to the next toe 

ld ^l£Z 0r t "I** SFU * • SUPply 1116 next ° f P^vious line data. Until the „umbe7of 

S?utl££Z°t £2" T^f eqUiVaIent t0 the LBD Une sju_ldb_rdy indicates that the 

SFU ,s avadable for both reading and writing. Thereafter it indicates the SFU is available for writing The 
LBD should not generate Ibdjfrjdadwort or Ibd.sJU^Iine strobes until sjujdb Jfy is aZS 
A signal sfii_hcu_avail indicates that the SFU has data to sunnlv to the urn i,^ ~~ , 

JSS^S^ - true. The HCU can therefore stall waitmg for the 

X and Y non-integer scaling of the bi-level dot data is performed in the SFU. 

^JrtS 1S«fSS{f 1 DRAM Chanae,S ' 3 d0tS cvcle in total < read + ™d 

+ wnte). Therefore the SFU requires two 256 b.t read DRAM access per 256 cycles, 1 write access every 

l 5 lZ Smg,e DIU read interf *<* will be shared for reading the current and previses from 
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25.3 Bl-LEVEL DRAM MEMORY BUFFER BETWEEN LBD, SFU 



AND HCU 




high address 

lbd_nextline_adr 

-bd_prevJine_adr 
hcu_read!ine_adr 
*■ hcu_$tartreadfine_adr 

low address 





high address 



lbd_nextline_adr 



■*■ hcu_readline_adr 

> lbd_prevline_adr 

■► hcu_startreadline_adr 



low address 



(b) 



Key: | | Free buffer space 

HH Riled buffer space accessed by LBD Interface FIFOs 
b££J R,le d Buffer space read by HCU Read Line FIFO 

O Filled Buffer space read by both HCU Read Line FIFO and LBD Interface FIFOs 

Figure 123. Bi-level DRAM buffer 

a^e S HCu a ^T Cl ^ * 0 ™ j? DRAM < a > ** LBD previous line address readme 

based concept UttS theTme the HcS ft ™ ^ , * * nF ° ° f *»■ The only line 

be re-read forscXgp^s currently readmg cannot be over-written because it may need to 

The SFU interfaces to DRAM via three FIFOs: 

a. The HCUReadLineFlFO which supplies dot data to the HCU. 

b. The LBDNextLineFIFO which writes decompressed bi-level data from the LBD 
cThe LBDPrevLineFIFO which reads previous decompressed bi-level data for the LBD 

There are four address pointers used to manage the bi-level DRAM buffer: 

*.hcu_readline_adr[21:5) is the read address in DRAM for the HCUReadLineFlFO 

tsss^r is ** start in dram f ° r the cu ™» *- ~"» * 
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*.lbd_nextline_adr(21:5] is the write address in DRAM for the LBDNextLineFIFO 
*.lbd_pre V line_adr(21:S] is the read address in DRAM for the LBDPrevLineFIFO. 
The address pointers must obey certain rules which indicate whether they are valid- 

^td^S^fSl'S^ ^ * "*« earlier » * e than 

Id^-:^ 

lbd_nexthne_adrpl:5] Hhcujtartreadli ne _adrf21:5J. <™rvana 
C -™^BDNex,UneFIFOnust be writing earlier in the line than LBDPrevLineFIFO is readina 
lbd_n ex tl,ne_adr(21:S] /= lbd_prevline_adr[21:5] AND hcu_startreadline valid 

^tSSlStF™^ rCad ^ ght "P to 1,16 address ** UW**uJwo is writing / « 
plf_adrvalul = lbdjprevhne_adr[2l:S] != !bd_nextline_adr/2J:5J. 8 

• At startup i.e. when^o is asserted, the pointers are reset to start sfu adrf2]-51 The first 

f. The address pointers can wrap around the SFU bi-level store area in DRAM. 
As a guideline, the typical FIFO size should be a minimum of 2 lines stored in tir a mi ■ u , ,• 

DRAM ACCESS REQUIREMENTS 

The SFU's DIU bandwidth requirements are summarized in Table 1 12. 



Tabte 112. DRAM bandwidth requirements 




I: Two separate reads of 1 bit/cycle. 
2: Write at 1 bit/cycle. 



25,5 SCALING 



l " b ° th * C h ° riZOntal ^ vertical by the SFU so that the 
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EiSSSS*' PSeUdOC ° de bd0W adV3nCe PUlSC 15 geDerated 10 — 10 the ne « d °< baling) or 

if (count + denominator >= numerator) then 
count = (count ♦ denominator) - numerator 
advance = l 
else 

count - count ♦ denominator 
advance = 0 

C °f °'* ^ hcther the SFU su PP««s Ae next dot or a copy of the current dot when the HCU 

next 1,ne of HCU data depending on the programmed Y scale factor. 
An example of scaling for numerator = 1 md denominator = 3 is riven in T a w« in -n. . . 
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25.6 Lead-in and lead-out cupping 

M to the w ,opri.to vA* of «»« in to, s^ce above -tome™ neods to bo 
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25.7 Interfaces between LDB, SFU and HCU 



DIU 



LBD 



UxJ_sfu_p*at Avord 



< sfu_lbd_pld »ta1§ 



fod_sfu__adv ne 



sfujbd.rch 



lbd_sfu_edv rne 



I 



DIU Interface 
and 
Address 
Generator 



Previous Una 
FIFO 




txl_sfu_wdi ta 16^ 

y ► 

lbd_sfu_wd tavalid 



NextUne 
FIFO 



Current Una 
FIFO 



SFU 



hey .sfu_advdot 



1 sfu. 


.hcu_sdata 


sfu. 


hcu_avaif * 



HCU 



Figure 124. Interfaces between LBD/SFU/HCU 

25,7.1 LDB-SFU Interfaces 

Se^m tirsm^^ 5 t0 SFU * ^ LBP ^ ^ ^ UnC 10 the SFU 311(1 reads * e P^vious 

25.7. 1. 1 LBDNextLineFIFO interface 

The LBDNextLineFIFO interface from the LBD to the SFU comprises the following signals- 

• lbd_jfu_wdata t 1 6-bit write data. 

• lbd_sfu_wdatavalid, write data valid. 

• lbd_sju_jxhline, signal indicating LDB has advanced to the next line. 
Sl^s^ WritC t0 *" ^ ****** is ^ ^ LBD can therefore stall waiting for the 



25. 7. f . 2 LBDPrevLineFIFO Interface 



fr0ni the SFU to LBD comprises the following signals: 

• sfujbd_j>ldata t 1 6-bit data. 

The previous line read buffer interface from the LBD to the SDU comprises the following signals* 
tbd_sfu^pladvword, signal indicating to the SFU to supply the next 1 6-bit word. 

♦ lbd_jsfi4_advline. signal indicating LDB has advanced to the next line. 
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Previous line data is not supplied until after the first Ibdjsfii^advline strobe from the LBD (zero data is 
supplied instead). The LBD should not assert lbd^fu_pladvword unless sfiijbd^rdy is asserted. 



sjujdb_rdy indicates to the LBD that the SFU is available for writing. After the first lbd_sju_advline and 
before the number of Ibdjsju^pladvword strobes received is equivalent to the LBD line length, 
sfujdb_rdy indicates that the SFU is available for both reading and writing. Thereafter it indicates the 
SFU is available for writing. 

The LBD should not generate lbd_sjuj>ladvword or lbd_rfiijadvline strobes until sfujdb_rdy is asserted. 



The interface from the SFU to the HCU comprises the following signals: 

• sfu_hcu_sdata, 1 -bit data. 

• sju_hcu_avail, data valid signal indicating that there is data available in the SFU HCUReadLine- 



The interface from HCU to SFU comprises the following signals: 
• hcu_$fu_advdot 1 indicating to the SFU to supply the next dot 

The HCU should not generate the hcu_sfii_advdot signal until sjujicujavail is true. The HCU can there- 
fore stall waiting for the sju_hcu_avail signal. 



25. 7. 1 . 3 Common Control Signals 



25.7.2 SFU-HCU Current Line FIFO Interface 



FIFO. 
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25.8 Implementation 

25.8.1 Definitions of IO 



Table 114. SFU Port List 



Mmmmmmmmm 




crocks and Resets 




pcfk 
prst_n 




In 
In 


J SoPEC Functional clock. H 


DIU Read Interface signals 






| Global reset signal. 


sfu_dlu_rreq 




Out 


SFU requests ORAM read. A read request must be accorrv I 
panled by a valid read address. 


sfu_diu_radr[21 :5] — 


17 


Out 


Read address to Dili 

1 7 bits wide (256-bit aligned word). J 


dtu_sfu_rack 




In 


Acknowledge from DILI that read request has been § 
accepted and new read address can be placed on I 
sfu^diu^radr. \ 


diu_data[63:0J 


64 


In 


Data from DIU to SoPEC Units. 

First 64-bits are bits 63:0 of 256 bit word. I 
Second 64-bits are bits 1 27:64 of 256 bit word. 
Third 64-Wts are bits 191:128 of 256 bit word. I 
Fourth 64-bits are bits 255:192 of 256 bit word. I 


dfu_sfu_rvafid 


1 


In 


Signal from DIU telling SoPEC Unit that valid read data is on 
the diujdata bus. j 


fYlll WrHA l,,t t ^ . a 

iMv write interface signals 




sfu_di u_ wre q 


1 


Out 


SFU requests DRAM write. A write request must be accom- 
panied by a valid write address together wfth valid write data I 
and a write valid. 


sfu_diu_wadr[21:S] 


17 


Out 


Write address to DIU 

1 7 bits wide (256-bit aligned word) . | 


dru_sfu_wack 


1 


In 


Acknowledge from DIU that write request has been j 
accepted and new write address can be placed on 
sfu_diu_wadr. \ 


sfu_diu_data[63:0] 


64 


Out 


Data from SFU to DIU. I 
First 64-bits are bits 63:0 of 256 bit word. \ 
Second 64-bits are bits 1 27:64 of 256 bit word. I 
Third 64-bits are bits 191:128 of 256 bit word. 
Fourth 64-oits are bits 255:1 92 of 256 bit word. I 


sfu_<fiu_wvaJid 

PCU Interface data and control slg 


1 

nals 


Out 


Signal from PEP Unit indicating that data on sfu diu data Is 
valid. ~ ~ | 


pcu_addrf5:2J — — . 
pcu_dataout(31:0] 


4 
32 


In 
In 


PCU address bus. Only 4 bits are required to decode the 
address space for this block | 


sfu_pcu_:datainf31:0I 


32 


Out 


Shared write data bus from the PCU j 
Read data bus from the SFU to the PCU | 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU 


pcu_sfu_sel 


1 


" 


Block select from the PCU. When pcu__sfu_set is high both 
pcu_addr and pcu^dataout are valid 
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S3 



Table 114. SFU Port List 



sfu_pcu_rdy 



j-BO Interface Data and Control Signals 



sfujbd_rdy 



(bd_sfu_advJine 



lbd_sfu_j>ladvwo/d 



sfuJdb_j3ldata[1S:0] 



Out 



Ready signal to the PCU. When sfu^pcu^fdy ls high It indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cycle this means the data on sfu _pcu datain is 
valid. 



16 



Out 



Out 
In 



Signal indication that SFU has previous line data available 
and is ready to be written to. 



Line advance signal for both next and previous lines. 



Advance word signal for previous line buffer. 



Data from the previous line buffer. 



Ibd^fujwdataf! 5.-0J 



16 



fbd_sfu_wdatavaJid 



Write data for next line buffer. 



In 



HCU Interface Data and Control Signals 



Write data valid signal for next tine buffer data. 



hcu_sfu_advdot 



sfu_hcu_sdata 



sfu_hcu__avail 



In 



Out 
Out 



Signal indicating to the SFU that the HCU is ready to accept 
the next dot of data from SFU. 



BWevel dot data. 



Signal indicating valid bNevel dot data on $fu_hcu_sdata. 
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25.8.2 Configuration Registers 

Table 115. SFU Configuration Registers 



S3 



Control registers 




0X00 


Reset 


1 


0x1 


A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress 


1 0x04 
J Setup register! 


Go 

s (constant for during processing 


1 

the page] 


0x0 


Writina 1 tO this reaister ^tarte tf>A cci i 

Writing 0 to this register hafts the SFU. 
When Go is deasserted the state- 
machines go to their idle states but aJJ 
counters and configuration registers keep 
their values. 

When Go is asserted ail counters are 
reset, but configuration registers keep their 
values (i.e. they don't get reset). 
The SFU must be started before the LBD 
is sianea. 

This register can be read to determine if 

the SFU is running 

(1 - running. 0 - stopped). 


J 0x08 
J OxOC 

1 0x10 


HCUNumDots 
HCUDRAMWords 


16 
8 


0x0000 
0x00 


Width of HCU line (in dots). 

Number of 256-bit DRAM words in a HCU 
line. 


I 0x14 


LBDNumWords ^~ ~ 


12 


0x000 


Number of 16-bit words in an LBD line. 
(LBD line length must be a multiple of 16 
bits). 


I 0x18 


StartSfuAdrf21 *51 

(256-btt aligned DRAM address) 


17 


0x0000 
0 


First SFU location in memory. 




EndSfuAdr[21:5] 

(256-bit aligned DRAM address) 


17 


0x0000 

0 ! 


Last SFU location in memory. 


j OxlC 
I 0x20 


XstartCount 


8 


0x00 


Value to be loaded at the start of every line 
into the counter used for scaling in the X 
direction. Used to control the scaling of the 
first dot in a line. 

This value will typically equal zero, except 
in the case where a number of dots are 
clipped on the lead in to a line. 




XscaleNum 


8 


0x01 


Numerator of spot data scale factor in X 
direction. 


0x24 


XscaleDenom 


8 


0x01 | 


Denominator of spot data scale factor in X 
direction. j 


I 0x28 


YscateNum 


8 


0x01 


Numerator of spot data scale factor fn Y 
direction. 


J 0x2C ' ~ 
| Work registers (F 


VscaleDenom 

CU has read-only access) 


8 


0x01 


Denominator of spot data scale factor in Y 
direction. 
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Table 1 15. SFU Configuration Registers 




0x34 



0x38 



0x3C 



HCUReadLineAdrf21 :5J 
(256-blt aligned ORAM addres s) 

HCUStartReadUneAdr(21 :5] 
(256-bit aligned DRAM address) 



LBDNextUneAdr(21 :5] 
(2S6-btt aligned DRAM add ress) 

LBDPrevUneAdrf21 :5] 



(256-bit aligned ORAM address) 



17 



17 



17 



17 



Current address pointer in DRAM to HCU 
read data. Read only register. 



Start address in DRAM of line being read 
by HCU buffer in ORAM. Read only regis- 
ter. 



Current address pointer in DRAM to LBD 
write data. Read onry register 



Current address pointer in DRAM to LBD 
read data. Read only register 
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25.8.3 SFU sub-block partition 



pcu_rwn- 
pcu.sfu.fi 
pcu_addr[5:2f 
pcu_dataout(31:0r 
siu_pcu_data{31.i 
sfu_pcu_ 



LBD 



Ibd_st< 


Lpladvword 




— ► 

d^pklata 19 






itjaavftne 




► 

lbd_nurr\_vwrds 
"7* * 



sfu.tod. 



PCU 
Interface 



sfu_go (to aa sub-blocks) 
1b y hcu_num_dots * 


hcu_dram_word3 * 


12^ fcd_num_words * 






w 


17^ start_sfu_adr 






17, end_sfu adr p 


hcu.readtlne.ad/ 




p 


hcu_startreadnne adr f5 


^ (bd.nextnne.adr 






^ Ibd_p revfi ne_a dr 







xstart_count a ^ 






xscale.num £ 




» 


xscaJe_denam ^ 




► 


yscale_num § y 




► 


ysca!e_denom = 

5U 




fr 



LBD Previous 
Line FIFO 



^ptf.dlurdata 64^ 



-ce 



ptf.rdy 



plf_diurreq 



plf.dhjrack 



pif_drurvaffd 



lbd_sfj_wdata 



nlf.rdy 
16 



tod. 



_wdatavaUd 



I Jbd_sfu_adVfine 



fbd_num_words 
12, 



LBD Next 
Line FIFO 



fWf_dkjwreq 



nff.diuwacfc 



ntf_diuwdata 54 



rtf.dfuwvalid 





hcu^ 


|sfu_adVdot 


HCU 




sfu. 


Lncu.sdata F 


* — H 


— 7^- 

i_hcu_avaU 



SFU 



HCU Read 
Lino FIFO 



h rf_hcu_a ndcffiro 



hrf.xadvance 



hrf.diurroq 



hrf_diurack 



hrf.dturdata ra 
N — S— 



hrf_diurvafid 



hrf.diukfle 



DIU 
Interface 

Address 
Generator 
Unit 
(DAG) 



► sfu.diu.wreq 
shj_diu_wao*r(21:5] 
sfu_diu_data[B3:0] 

► sfu_dlu_wvatfd 
dtu_sfu_wac* 



stu_diu__rreq 
sfu_diu_radn*21 3J 
diu_sfu_data(e3:0] 
dlu.sfu_rval!d 
diu_sfu_rack 



Figure 125. SFU Sub-Block Partition 
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SI 



The SFU contains a number of sub-blocks: 



mmmm 




PCU fnterface 


PCU interface, configuration and status registers. Also generates the Go 
and the Reset signals for the rest of the SFU 


L8D Previous Line 
FIFO 


Contains FIFO which is read by the LBD previous line Interface. ! 


LBO Next Line FIFO 


Contains FIFO which is written by the LBD next line interface. 


HCU Read Line 
FIFO 


Contains FIFO which is read by the HCU interface. 


OIU Interface and 
Address Generator 


Contains DIU read interface and DIU write interface. Manages the 
address pointers for the bWevel DRAM buffer. Contains X and Y scaling 
logic. 



25.8.4 



The vanous FIFOsiib-blocks have no knowledge of where in DRAM their read or write data is stored In 
this sense the FIFO sub-blocks are completely de-coupled from the bi-level DRAM buffer. All DRAM 
address management is centralised in the DIU Interface and Address Generation sub-block. DRAM access 
is pre-emptive i.e. after a FIFO unit has made an access then as soon as the FIFO has space to read or data 
to wnte a DIU access will be requested immediately. This ensures there are no unnecessary stalls intro- 
duced e.g. at the end of an LBD or HCU line. 

There now follows a description of the SFU sub-blocks. 
PCU Interface Sub-block 

7**™?**"* Pro*** for the CPU to access SFU specific registers by reading or writing 

to the SFU address space. 6 
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Sh 



25.8.5 LBDPrevLineFJFO sub-block 



Table 1 16; LBDPrevLineFIFO Additional IO Definitions 




DIU and Address Generation sub-block Signals 



Signal indicating LBOPrevLineFIFO is ready to be read 
from. Until the first Ibd_$fu_adviiaetor a band has been 
received and after the number of lbd_sfu _ptadvword strobes 
received for a line is equal to LBDNumWortis, ptf_rxfy\s 
always asserted. During the second and subsequent lines 
plLrxfyl* deasserted whenever the LBDPrevUneFiFO is 
empty. 



plf_diurreq 



pff_diurack 



pJLdiurdata 



pff_diurrvaJid 



p[f,diukJJe 



Out 



Signal indicating the LBDPrevUneFtFO has 256-bits of data 
free. 



In 



In 



Out 



Acknowledge that read request has been accepted and 
plLdturreq should be de-asserted. 



Data from the DIU to LBDPrevLineFIFO. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-brts are bits 191:128 of 256 bit word. 
Fourth 64-bits is are 255:192 of 256 bit word. 



Signal indicating data on pfLdiurdata is valid. 



Signal indicating DIU state-machine is in the IDLE state. 



25.8.5,1 General Description 

^J^a P ^ L ^ F J F ° Sub - block prises a double 256-bit buffer between the LBD and the DIU Inter- 
face and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words The Fl!S L 
written by the DIU Interface and Address Generator sub-block and read by^he LIJD 
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J3 



LBD 
sfu_ttxU>Wata «4- 



16 



word_setecf 



tod_sfu_ptadvvvoc(l 



fbd.sfuuadvfine 



lbd_fxrm_words 1 2 



Ptf-rdy 



64 



1€ 



8 word 
64-bit FIFO 



read 

~z — 



wnte 



read^adr written 



3 



ZERO 



64 



-pILdiurdata 



wrtte.adr 



FIFO control 
logic 



plf_diurreq 



pff.dlurack 



^ pif_drurvatk i 



Figure 126- LBOPrevUneFifo Sunblock 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DIU Interface 

2 t££Z!? G ^r^ bIOCk by ^^P'f-^rn*. A signslplf^iurack indicates ti£^ 
has been accepted and plf^diurreq should be de-asserted request 

2^** t °, the . F !f 0 M ° n P^diurdata[63:0J over 4 clock cycles. The signal 

iiSSS^TS^ J * ° a P*f- di «"l<««&*] ^ valid P lf_diurvaZ is used to geS 

ate the FIFO write enable, H**re_e«, and to increment the FIFO write address, Mnite adrPOJ If the LBn 
PrevLineFIFO still has 256-bits free then plf^iurreg should be asserted^ ^' ° h ^ 

l^S^JZlT^ 6 A fT S ^f"* 0 * sub-block handles all address pointer management and DIU 
interfacing and decides whether to acknowledge a request for data from the FIFO. 



pclk 
plf_diurreq 
plfdiurack 
plf_diurvalid 
plf_diurdata[63:0] 




Figure 127. Timing of signals on the LBD PrevLIn eFIFO interface to DIU and Address Generator 

Sn^lt^H 0 ™' *? DPrevLi *f IF ° Interface is shown in Figure 128. If sJu_go is deasserted 
then the state-machine returns to its idle state. 
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resstx=o 



QP==v 



Idle 



diuidle = 1 



256-fcrt8 frep in FIFO 



^ Request ^ diuireo. = 1, diuidle =o 

^ Ack ^ diurreq => 0 

I dfur valirf^ 
^ DataO ^ 



diurvaltri^t 



^ Datal ^ 



dfurvalfd=sl 



^ Data2 



diurva»d=^ 



^ Data3 ^ 

Figure 128. Timing of signals on LBOPrevLineFiFO interface to DIU and Address Generator 

P? L BD reads 16-bit wide data from the LBDPrevLineFIFO on sJuJbdDldataflSOl 
lbd ^-f ladvword fr ° m LBD teUs UtBPwtineFIFO to supply the next 16-bit word. The FIFO 
control logic generates a signal word^elect which selects the next 16-bits of the 64-bit FIFO word to out- 
°* S fr r * d ^ ta t 15: °]' ^ the entire current 64-bit FIFO word has been read by the LBD 
lbd_sfii_pladvword will cause the next word to be popped from the FIFO. 

Previous line data is not supplied until after the first lbd_sfii_advline strobe from the LBD after sfiieo is 
asserted (zero data is supplied instead). Until the first lbd_sju_advline strobe after 
lbd^fu_pladvy^ord strobes are ignored 

2? ^ DP ™ Une J; IFO ™^ >ogic uses a counter, pladword^countfl 1:0). to counts the number of 
SJ^M?^ ord f^ received for the une. The pladvword^count counter is reset to 0 by 
LBDNu^orZ Wh<5n ^ number ° f l ^Ju^pladvword strobes received is equal to 

Pf L f D Pr^ir^FIFO generates a signal p//^ntf> to indicate that it has data available. Until the first 
lbd_sju_advhne for a band has been received and after the number of Ibd^Ju^pladvword strobes received 
for a line is equal to LBDNum Words, plf_rdy is always asserted. During the second and subsequent lines 
plf-rdy is deasserted whenever the LBDPrevLineFIFO is empty. 

tw l r^r\ 2 S bit f ° r tS" rCad *° m DRAM Can C ° ntain CXtra paddin * which shouId not be ™tPUt to 
tne LBD. This is because lbd_num__words may not fit exactly into a 256-bit DRAM word. When the count 

°r t?™ ° nbd - s ^-P lad ^ord strobes received for a line is equal to lbd_num_words the LBDPrev- 
LineFIFO must adjust the FIFO read address to point to the next 256-bit word boundary in the FIFO This 
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S^ortSS nT^ e S^I lF0 ^ ddlCSS ' ™ d -°WV> w"l require 3 bits to address 8 loca- 



if (pladvword_count lbd_nura_words) then 
read^adr [ 1 : 0 ] *= bOO 
read_adr[2J = -read_adr{2] 

25.8.6 LBDNextLineFIFO sub-bJcck 

Table 117. LBDNextLineFIFO Additional 10 Definition 





\wmwmmmmmmmmmM 




""-try | 1 | out 
DIU and Address Generation sub-blot* <5i«« a i« 


I Signal indicating LBDNextLineFIFO is ready to be written to 
J i.e. there is space In the FIFO. 


rUf__diuwreq 


1 


Out 


Signal Indicating the LBDNextLineFIFO has 2S6-bits of data 
for writing to the DIU. 


nlf_diuwack 


1 


In 


Acknowledge from DIU that write request has been 
accepted and write data can be output on ntf diuwdate 
together with nlLdiuwvatid. 


n!f_diuwdata j 
nif_diuwvalid 


1 
1 


Out 
tn 


Data from LBDNextLineFIFO to DIU Interface. 
First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191 :128 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 

Signal Indicating that data on wtf_diwvdata is valid. 



25,8.6.1 General Description 

L fS N ^ UneF J F ° SUb " bl< f k «»P*« a d <>uble 256-bit buffer between the LBD and the DIU Inter- 
fee ; and Address Generator sub-block. The FIFO is implemented as 8 times 64-bit words. The FTFO is 
written by the LBD and read by the DIU Interface and Address Generator 
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sfu_wdata_rog 



tod_sfu_wdata . 



16 



en 



tbd_sfu_vwaiid 



fodlsfu_advJine 



4 



64 

— H 



8 word 
64-bit FIFO 



wnte 
A A 



read 



worcf_safoct / "2 write_adr 



wr1te_en 



64 



nH.diuwdata 



'3 r*ad_adr 



tt>d_num_wofds 12 



nff_fdy 



FIFO control 
logic 



nff_diuwreq 



nfLdhiwack 



ntf_dluwvafrd 



Figure 129. LBDNextLineFlfo Sub-block 

Whenever 4 locations in the FIFO are fall the FIFO will request 256-bits of data to be written to the DIU 

^Z^^t^-^n ^ °* rCCCipt ° f *e data is sent to the 

thlt th^ t nl/Ldiuwdataf63:0J over 4 clock cycles. The signal n// diuwvalid indicates 

2Sr^ ° n ^7 d r^lf 3:01 lS ^ assertSwithlhe sma ^ iuSy 

f^d^ If ^ ^^ F/F ° ^ "» 256 - bite — ^ transfer then ^XThSe 



pclk 
nlf_diuwreq 
nlf_diuwack 
nlf_wdiudata[63:0] 
nlf_diuwvalid 




2 1 3 I 4 1 



J 



Figure 130. Timing of signals on LBDNextUneFIFO interface to DIU and Address Generator 

t£n r e c^ agram u° f ^ D "~<^™^ Interface is shown in Figure 131. If sju -£0 is deasserted 
then the state-machine returns to its idle state. W^o ^ aeasseneo 
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rese!=Q 



_OQ=eQ 



r* t ,dle ) 



256-bft3 rn FIFO 



Q Request ^ diuwreq = 1 
^ Ack ^ diuwreq = 0 



DataO ^ 



^ Datal ^ 



^ Oata2 ^ 



^ Pata3 ^ 



<fiuwvaJid=1 



cEiAwalid=1 



dJuwvaIid=1 



<fiuwva!id=l 



Figure 131. LB DNext Line FIFO DIU Interface State Diagram 

^J^lf^^°^\^ aDN **W*0 has space for writing by the LED. The LBD 
nZLL ™™ r **-^"[15:0]. Ibd^walid indicates that the data is valid 
The data is collected to make up a 64-bit word before being written to the FIFO. 

The LBDNextLineFIFO control logic counts the number of lbd_sfii_walid signals. The Ibdsfu wvalid 

iZZ indicates when *■ nun * er of 

^ol^ — ■ » to F1F ° h - *— » D *AM ^ padding being 



25.8.7 sfujbd_rdy Generation 



lU^S£^ y ^ 86nerated ^ ANDing/ ' // -^ fr ° m *• ^BDPrevLineFlFO and fro m the 

LauNextLineFlFO. After the first lbd^Ju_advline and before the number of Ibdjfunladvword strobes 
«. fcere ,s data ,„ the LBDPrevLineFIFO. and writing. Thereafter it indicates the SFU is avdSefor 
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25.8.8 LBD-SFU Interfaces Timing Waveform Description 

The main points to note from Figure 1 32 are- 

* IS^^S^^^ itta ^^ to ^ 2 ~ "bitwordsaomthcLBD 

* The data i on xlbdjju_wdata is valid and this is indicated by Ibd sfu wdatavalid beine asserted. 

* ^L°4 k ^ le f t Jb f-^i is < f easserted the LBD can not react to this signal until clock 
T^u m d 2* CyClC 3 **" is 3150 vaM 43,3 60111 LBD which is captured in clock we e A ill 
*e SFU thus tafang the last available location available in the FIFO in JSu I Zt *£ 
LBD has entered a pause mode and waits for sfu_Ibd_jdy to be asserted again ^ 

' 2£ta?2 1 S?S£S £2 CydC 7 ? 'J 0Uld * d ° ck CyC,C >> ^ this ~» once the SFU can . 
" .7 16 , blt FIFO locations available again. The LBD detects this and on clock cvcle 8 it crartc 

ssts^r ,tfag '^-^-<* «« p-*. — ^ out •ss^ssi^ 

2 " nofbe^S 00 " 1 " ^ " ^ SidC WUch ^ ^ 1 «*- L 00 «■*■*■ this turns 



Scenario 1: 



t^-^T^J 0 . IOW WheD 1,16116 15 sti11 * StiU » Piece of data in the FIFO If there is a 
»^^/«anWpulse in the next cycle the ,S 4 



Scenario 2: 



£^2^? ^li 60 ', 0W W , h6nthere is 81111 1 P ie <* of data in the FIFO. If there is no Ibd sjunladv^ord 
E^ZTJ"", T IC ft " " DOt 6Dd of 1,16 P fl « e ««• * e S ™ will read the data! forite n«S 



Scenario 3: 



td l-'S* J° ° W ^ th6re is 5011 18 sti » 1 Piece of data in the FIFO. If there is no 
^Es^'o^i/-^ remain dC - flSSerted ' Md * e ™" ™* be read out from the FIFO How! 

™l££YZ^Zt^ c * not needed for dccodiDg m LBD ■ Bd ^ not 1)6 rcad * * 6 SS. 
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Figure 132. Signal waveforms between LBD and SFU 
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25.8.9 HCUReadLineFIFO sub-block 



Table tie. HCUReadLlneFIFO Additional IO Definition 



DIU and Address Generation sub-block Signa ls 

hrf_xadvance TfJJ" 



hrLdiurreq 



hrf_diurdata 



hrf_diurvafid 
hrf_diuidle 



Out 



Out 



In 



In 



In 



Out 



Signal from horizontal scaling unit 
1 - supply the next dot 
t • supply the current dot 



Signal lasting 1 cycle indicating then end of the HCU read 
One. 



Signal indicating the HCUReadUneFtFOhas space tor 256- 
bits of DIU data. 



Acknowledge that read request has been accepted and 
hrf_diurraq should be de-asserted. 



Data from HCUReadLineFIFO to DIU. 
First 64-bits are bits 63:0 of 256 bit word. 
Second 64-bits are bits 127:64 of 256 bit word. 
Third 64-bits are bits 1 91 :1 28 of 256 bit word. 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 



Signal indicating data on ptf^diurdata is valid 



Signal indicating DIU state-machine is in the IDLE state. 



25.8.9.1 General Description 

^^^ e ^T FIF ^ Sub " block prises a double 256-bit buffer between the HCU and the DIU 

^n^n^J ^ ^ tOT !T b "^ ClC Th ° FIFO iS impIemcn ted 35 8 *"» «-«* words! The RFO 
Wntten ^ ^ DIU toterface and Address Generator sub-block and read by the HCU. 



LBD 
sfu_hcu_«Jata <- 



sfu_hcu_avall 



hcu_sfu_advdot 



hcu_nun\_dots 16 



hrf_xadvance 



hrt_hcti_endofline 



64 



8 word 
64-bit FIFO 



read 



wnte 



bit-select x ' 3 read.adr 



>'3 



/'3 



64 

— 5^ luf_dhjrdata 



write_adr 



FIFO control 
logic 



hrf_djurreq 



hrf_dturack 



hrf_diurvaBd 



Figure 133. HCUReadUneFifo Sub-block 
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The DIU Interface and Address Generation (DAG) sub-block interface of the HCUReadLineFIFO is iden- 
tical to the LBDPrevLineFIFO DIU interface 

Whenever 4 locations in the FIFO are free the FIFO will request 256-bits of data from the DAG sub-block 
by asserting hrfdiurreq. A signal hrf_diurack indicates that the request has been accepted and hrf diurreq 
should be de-asserted. 

The data is written to the FIFO as 64-bits on hrf_diurdata[63:0] over 4 clock cycles. The signal 
hrfjtiurvalid indicates that the data returned on hrf JLiurdata [63:0] is valid, hrfjdiurvalid is used to gen- 
erate the FIFO write enable, write_en, and to increment the FIFO write address, write_adr[2 0] If the 
HCUReadLineFIFO still has 256-bits free then hrfjdiurreq should be asserted again. 

The HCUReadLineFIFO generates a signal sjujicu_jivail to indicate that it has data available for the 
HCU. The HCU reads single-bit data supplied on sfujicujsdata. The FIFO control logic generates a sig- 
nal bit_jselect which selects the next bit of the 64-bit FIFO word to output on sfujxcu_sdata The signal 
hcyfu_advdot tells the HCUReadLineFIFO to supply the next dot {hrfjtadvance - 1) or the current dot 
W^advance - 0) on sfujicujsdata according to the hrfjcadvance signal from the scaling control unit in 
the DAG sub-block. The HCU should not generate the hcujsfu mm aa\dot signal until sju_hcu_avail is true 
The HCU can therefore stall waiting for the sfu_hcu_avail signal. 

When the entire current 64-bit FIFO word has been read by the HCU hcu_sfu_advdot will cause the next ' 
word to be popped from the FIFO. 

The last 256-bit word for a line read from DRAM and written into the HCUReadLineFIFO can contain 
dots or extra padding which should not be output to the HCU. A counter in the HCUReadLineFIFO 
hcuadvdot_count[15:0l counts the number of hcu_sfu_advdot strobes received from the HCU. When the 
count equals hcu_num_dots[I5:0] the HCUReadLineFIFO must adjust the FIFO read address to point to 
the next 256-bit word boundary in the FIFO. This can be achieved by considering the FIFO read address 
read <_adr [2:0] \ will require 3 bits to address 8 locations of 64-bits. The next 256-bit aligned address is cal- 
culated by inverting the MSB of the read_adr and setting all other bits to 0. 

If (hcuadvdot_count == hcu_num_dots} then 
read_adr [ 1 : 0 ] = bOO 
read_adr(2) = -read_adx [ 2 ) 

The DIU Interface and Address Generator sub-block scaling unit also needs to know when 
hcuadvdot_count equals hcu_num_dots. This condition is exported from the HCUReadLineFIFO as the 
signal hrfjicuendofline. When the hrfjicuendofiine is asserted the scaling unit will decide based on verti- 
cal scaling whether to go back to the start of the current line or go onto the next line, 

25.8.9.2 DRAM Access Limitation 

The SFU must output 1 bit/cycle to the HCU. Since HCUNumDots may not be a multiple of 256 bits the 
last 256-bit DRAM word on the line can contain extra zeros. In this case, the SFU may not be able to pro- 
vide 1 bit/cycle to the HCU. This.could lead to a stall by the SFU. This stall could then propagate if the 
margins being used by the HCU are not sufficient to hide it. The maximum stall can be estimated by the 
calculation: DRAM service period - X scale factor * dots used from last DRAM read for HCU line 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
Page 347 



SoPEC : Hardware Design 



25.8.10 DIU Interface and Address Generator Sub-block 

Table 119. DIU Interface and Address Generator Additional IO Description 



J3 



mmm 



Internal LBPPrevLlneFIFO Inputs 



pff_diuneq 




fn 


SignaJ indicating the LBDPrevUneFIFO has 256-bits of data 
free. 


pILdiurack 




Out 


Acknowledge that read request has been accepted and 
pttjdiurreq should be de-asserted. 


plf_diurdata 




Out 


Data from the DIU to LBDPrevUneFIFO. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 1 27:64 of 256 bit word 
Third 64-bits are bits 191 :128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


plf_diurrvalid 




Out 


Signal indicating data on ptf_diurdata is valid. 


pHLdiuidte 




In 


Signal indicating DIU state-machine is in the IDLE state. 


fnternaJ LBDNextLlneRFO Inputs "~ 


nff_diuwreq 




fn 


Signal indicating the LBDNextLineF/FOhas 256-blts of data 
for writing to the DIU. 


nlf_diuwack 




Out 


Acknowledge from DIU that write request has been 
accepted and write data can be output on nff_diuwdata 
together with ntfjdiuwvatid. 


ntf_diuwdata 




In 


Data from LBDNextUneFlFO to DIU Interface. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 1 91 :128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


ntf_diuwvalid 




In 


Signal indicating that data on wff_diuwdata is valid. \ 


Internal HCUReadUneRFO Inputs ' ' 


hrf_hcuendofltne 




In 


Signal lasting 1 cycle indicating then end of the HCU read 

line. 


hrf_jcadvance 




Out 


Signal from horizontal scaling unit 
1 - supply the next dot 
1 - supply the current dot 


hrf_diurreq 




In 


Signal indicating the HCUReadLineFIFO has space for 256- 
brts of DIU data. 


hrf_diurack 




Out 


Acknowledge that read request has been accepted and 
hrf diurreq should be de-asserted. 


hrf__dujrdata 




Out 


Data from HCUReadUneFIFO to DIU. 
First 64-bits are bits 63:0 of 256 bit word 
Second 64-bits are bits 127:64 of 256 bit word 
Third 64-bits are bits 1 91 :128 of 256 bit word 
Fourth 64-bits are bits 255:1 92 of 256 bit word 


hrf_diurvalid 




Out 


Signal indicating data on ptf d/urdata is valid 


hrf_diukfle 




In 


Signal indicating DIU state-machine is in the IDLE state. 
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25.8.10. 1 General Description 

The MU Interface and Address Generator (DAG) sub-block manages the bi-level buffer in DRAM. It has a 

?" L * DNex,LineFIF ° ^ a DIU Read Interface shared between the HCURead- 
LtneFIFO and LBDPrevLineFIFO. 

All DRAM address management is centralised in the £>/*(?. DRAM access is pre-emptive i.e. after a FIFO 
unit has made an access then as soon as the FIFO has space to read or data to write a DIU access will be 
orHCU^r 1 enSUre$ therc ^ 00 Unnecessa, y staUs introduced e.g. at the end of an LBD 

2? hl°T!rl 08iC ^ horiZ0n ^ a ? d vertical ^n-integer scaling logic is completely contained in the DAG 
^ t ^ v g T 1 Umt eXp0rtS ^ h V^ance signal to the HCUReadLineFIFO which indi- 

cates whether to replicate the current dot or supply the next dot for horizontal scaling. 

25.8.10.2 DIU Write Interface 

The LBDNextLineFlFO generates all the DIU write interface signals directly except for 
sju_dm_wadr[2I:5] which is generated by the Address Generation logic ^ 

i^£ IU Trf ?° m ^ e LB ^ tL i neFIFO will be negated if its respective address pointer in DRAM is 
^di C'req = implementation must ensure that no erroneous requests occur on 



ntt_dluwreq 



ntiLadrvafld. 



& 



wrtta w req 



m nJf_<fiuwack 



ntf_cfc'uwdata 



64 



nlLdfuwvaJJd 



DIU 
4 Write 



Interface ^ 



sfu_<Cu_wreq 
— • dlu_sfu_w8ck 



64 



sfu_dJu_data[S3:0) 
sfu_dlu_wvalld 



Figure 134. DIU Write Interface 



25.8. 10.3 DIU Read Interface 



^ ^^t 1 ^ 7 ^ 0 ^^^^^^^ share the read interface. If both sources request simul. 

- VXE ^ , ^ 0n 0gl ° imp,ement5 a rou «d-robin sharing of read accesses between the /YCCA 
ReodLineFIFO and LBDPrevLineFIFO. 

The DIU read request arbitration logic generates a signal, select_hrjplf t which indicates whether the DIU 
access is^m the HCUReadLineFIFO or ^Z)/>^eF/FO (0=*O ^WL^/fS! 1 " /S^ne 
J rf^r ^ S J ^^W/niultiplexing the returned DIU acknowledge and read data to either 
the HCUReadLineFIFO or LBDPrevLineFIFO. 
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select_hrfptf 




cfiujdte 



cfiu_sfu_rack 



rtrOflurdata 



pILdlurdata 4. 



pff_d!urvalk< .4 
hrf__diurvafid 



■7* — dlu_sfu_data(63:0] 



dJu_sfu_rvatfd 



Figure 135. DIU Read Interface multiplexing by sefect_hrfplf 

^^on^^J^^T l0giC iS , ShOWn * FigUre 1 36 - 1116 ■* «ogic will select a DIU read 

J%- 9 0rpl/ ^ u ^ ™ d **** sju^rreq which goes to the DIU. The accompanS 
™^^t SS 15 , 8enerated by * e AddrCSS Lo^c. TTxe select signal select hrfplf7^s!x 

SelSi^ ™ S ^ h owle k dges . the « diu^Ju^rack. Arbitration cannot take piace agin iLl 

the DIU ^fte-machme of Uie arbitrate winner is in the idle state, indicated by diu idle. This is nec^rv 
to ensure that the DIU read data is multiplexed back to the FIFO that requested it necessary 



hrf_adrvaUd"l & 



pf Ldtuvvfeq _ 
pJLadrvatki H & 



diu_sfu_rack 
diu_idle 



Read Request 
Arbitration Logic 



2 

history 
> 



busy 
> 



_^ select__hrfplf 
_^sfu_diu_rreq 



Figure 136. DIU read request arbitration logic 
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A pseudocode description of the DIU read arbitration is given below. 

" inici^s^onTr^r' ^ ^ ' »" 18 «---«*-™». P" 1* LBDPrevLineFlFO 
select.hrfplf = 0 // default choose hrf 

history = „ one // no DIU reaa 1 ^ amaUMy preceding 

if <diu_idle « rTthe^ 8tate - machine *• « Kile state then de-assert busy 
busy » 0 

« fdSCs « c rf^ re " Dni - then de - asaert diu 

//de-assert request in response to acknowledge 
sfu_dxu__rreq =0 

// if not busy then arbitrate between incoming requests 
//if request detected then assert busy ^quests 
if (busy 1= 0) then 

//if there is no request 

if (hrf diurreq « 0) AND (plf_diurreq 0) then 

sfu_diu_rreq * 0 

history « none 
// else there is a request 
else ( 

// assert busy and request Diu read access 
busy * i 

sfu_diu_rreq «* 1 

// rfonT^HO,™ r :" nd ' r ° bin £a8hl0n bStWeen th « requestors 
it ,1 Tl Y HCUReadiln <*IF0 requesting choose HCUReadXineFXFO 
if (hrf.diurreq == l) AND (plf_diurreq .. 0) then 

history = hrf 

select_hrfplf « 0 

'if JLrif LBDPrevI ' ineFIF0 requesting choose LfiDPrevLineFXFO 
if <hrf_diurreq == 0) AND (plf_diurreq == i) then 

history = plf * 

select_hrfplf = 1 

^ i fh^ t ^ HCOTeadLineFIFO a " d ^PrevLineFIFO requesting 
f '^-^""eq == X ) AND (plf.diurreq == 1) the^ 

if 7hi a ^ iaCely r^" 9 re9UeSt Choose HCUReadXineFIFO 
it (history == none) then 

history = hrf 

select_hrfplf « 0 

el'sif := n nr e f, Wa ^ CUReadLineFIF ° ^ LBOPrevLineFlFO 

history = plf 
select_hrfplf = l 

el's" SSS ^--^-"-FXFO choose HCUHeadMneFrro 
history = hrf , 
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25.8.10.4 



select^hrfplf = o 
// end there is a request 



Address Generation Logic 
The DIU interface generates the DRAM addresses of data read and written by the SFU's FIFOs 



sfu_go 








~ " — 1 

17. start sfti »Hr 




-9- 


sfu_dhi_radr[21:SJ 




7* — ■ 

17, end_sfu_adr 


» 






sfti-.rfiu_wadft21;5} 






* 


Address Generator 






— * 


8 . hcu dram words 








r*cu_readTir>e_adr 






► 






hcu,$tartrea<nine„adr 












t)d_oextline_adr 




rtrf.diurack 








BxJ_pfevJfne_adr 


— ► 


rtff_diuwack 


1 






hrf_ad/valid 




ptf^diurack 


» 






rtff_start_adrvalld 






» 






Aff_adrvaJtd 




fcd_sfu__advfine 








ptf_adrvand 









Figure 137. Address Generation 

■*« of the SFO «4k, ""-ffP'-V. »« the to DRAM 

Address Generation 

There are four address pointers used to manage the bi-level DRAM buffer 

a. hcu_readlim_ adr [21:S] is the read address in DRAM for the HCUReadLineFIFO 

* J iS — a<WreSS - DRAM «* *• — line being read by 
e. Ibd nextline.adrpLS] is the write address in DRAM for the LBDKvUneFlFO 
d. lbd J ,revline_adrf2!:SJ is the read address in DRAM for the LBDPwUneFIFO ' 
The current value of these address pointers are readable by the CPU 

FOUr C0 T!^S~ ^ fl38S ^ reqUirCd t0 ^ *• Address pointers are valid: 

*>. hlf_start_adrvalid. 
c nlfjadrvalid. 
d. plfjadrvalid. 
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DRAM requests from the FIFOs will not be issued to the DIU until the appropriate address flag is valid 

£"itZ?*^^ 

Rules for address pointers 

The address pointers must obey certain rules which indicate whether they are valid- 
a 'l£-^ ine -^/ </ lS VaHd if " iS readil * v* 1 ™ » *• than 

C ' a ^ e ^^' >,eFZFC> . mUSt aMer in Ae Me *» LBDPrevLineFIFO is readme 

and must not overwrite the current line that the HCU is reading fromi.e. ntf aJn,al£- % 

Ibd.nexhne.adrPLS) /= Ibd^prevIine.adrpi.SJ AND hcu JtartreadUneTcdld 

d L f DP ,T Li ,l e f' F ° Caa rCad right t0 ***** LBDNextLineFIFO is writing i e 
plLadrvahd - ibd_prevline_adr[2I:5J != lbd_nextline_adr/2I:5J 8 

"t i^Zl' C ' Z^f-* 0 * aSSetted ' P ointc ^ ^ reset to ^ «dW2/ .57 ^ 

f. The address pointers can wrap around the SFU bi-level store area in DRAM 
X scaling of data for HCUReadLineFIFO 

The signal hcu_sfii_advdot tells the HCUReadLineFIFO to suoolv the n P vt A nt *v, 

should supply the current dot ™ hrf^advance is 0 the HCUReadLineFIFO 



By, xstarucount 
~» 






B . xscaJe_rtum 

< "~" ► 

By. xscafe^denom 

► 


X Scaling Control 
Unit 


" • * 




hcu_sfu_advdot 


' ~* 



Figure 138. X scaling control unit 

The algorithm for non-integer scaling is described in the pseudocode below Note x sca l„ ™„„, c ^ 

stsxs^ - - - - - - Jasassss 

if <hcu_sfu_dotadv == 1) then 

if <x scale.count ♦ x_ S cale_denon> - x_ S cale_num >. 0) then 

SSV!^ 19 - 10 ^ * x_ sc .le_d e „o« - x.scale.num 
else 

x-scale^count = x_ Sca ie_count + x_ S csle_denom 

else 
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x_scale_count 



x - s cale_count * 
hrf_xadvance = 

Y scaling of data for HCUReadLineFIFO 

if (hrf_hcu_endofline == l) then 

hrf_yadvance = 1 y_scale_denora - y_scale__num 
else 

y«scale_counc » y_scale_count ♦ y scale d«««m 

hrf_yadvance =0 V-Scale^denam 

else 

y^cale_count = y_scale_count 
hjrf_y advance = 0 





yscate_num 
yscale^denom 


► 




. hrf_yadvance 


P. 


r»rLncu_endofHne 


► 


Y Scaling Control 
Unit 




► 











Figure 139. Y scaling control unit 

''fir 8tart ° f n6Xt HCU lin » in ORAM ( 

°il f ^ f ° hcu -startreadli„e_adr - end.sfu^dr 
if (offset >» 0) then 

} hcu_ St «rtre a dli„e_ ad r = Bta rt_ 0 f u_ a dr ♦ offset 
hcu readli„ e _adr =. hcu_ 8 t ar tre a dli„e ad r 

ncu_readline_adr = hcu_startreadline_adr 



Figure 140 shows an overview of X and Y scaling for HCU data. 
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hcij_startread!ine_adr hcu_readiine_adr 



DRAM 

















read from ORAM 




start of next hcu One In DRAM ■ 

hcu_startreadllne_adr ♦ ricu.drani^words 



When DRAM reads tor Jine 
are complete advance to next 
Sne or return to start of current fine 



Y-scale 



hcu_sfu_advdot 



Advance 
dot count 
from HCU 



Number of ORAM reads for the fine 
determined by end of HCU Jlne 
according to X-scaQng. 

.hcu^endofiine 



logic 



256 bits 



256 bits 



hrf^xadvance 



( X-scale 

I logic J 



hcu.sfu^advdot 



sfu_hcu_sdata 
HCUReadL i neFIFO 



Flflure 140. Overview of X and Y scaling at HCU Interface 



Address generator pseudo-code: 
Initialization: 

if <sfu_go rising edge) then 
//set flag to allow f irst 

^cu «ta r trea<Uine.adrt2l J 5J - starry adr 215] 
//if first write complete «*i*i.oj 
elslf (plf_adrvalid == i) then 

// reset flag allowing first write 

init tr o 



Address valid signals: 

Address pointer updating: 

/ /LBDNextLineFlFO 

i'^ss^-s?srj- Li- st — - " — 

//if end of SFU address range 

if Ubd_nextline_adr end_sfu_adr> then 

//go to start of SFU address range 

lbd_nextline_adr = start sfu adr 
else ~~ ~ 

//increment address pointer 




S3 Proprietary Document 



59 Nov 2002 
Page 355 



SoPEC : Hardware Design 



J3 



lbd_nextli na _a d r =. lbd_ ne xtline_adr ♦ I 
// t-BDPrevLineFlFo 

lbdj>revline,adr = start_sfu_adr 
else. 

lbd_prevUne_a<ir = lbd_jre V line_adr ♦ 1 
// HCUReadLineFIFO 

rj^-^-'s — then 

//advance to start of ne xt HCU line in DRAM { 
/^^Ta^s^^r"^^ * —-words 

, hcu - s tartreadlin e _adr = start_sfu_adr ♦ offset 
hcu readline_«dr » hcu.startreadline adr 

//if pointing to end of SFU address space 
elsif <hcu,readline_adr ~ end_sfu__adr> then 

//go to start of SFU address space 

hcu_readline_adr = start_sfu adr 
else " 

//increment address pointer 

hcu__readline_adr » hcu_readline__adr ♦ 1 
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26 Tag Encoder (TE) 



26.1 Overview 



The TE encodes fixed data for the n^* k~:~» • . * 

ssars s sscsas sua? — - >- - — 

in the X-direcdou. Thus £ tEunnraferw ^ Y-dlrecooo whde the TFU supports integer scsling 
fluently scaled v u,lZZ ^ °" *" 1600 * «"» «*£ 

M «™ dram. n. * at *<™ 



ORAM 
Interlace 



encoder 



tag FIFO 
unit 



PCU 



4 



halftoner/ 
yl compositor 



te_finfehedband 



Ram 141. High level block diagram olTE In conl.M 

provided on af^Sd^t^h^^l^S^^"^^'" 1 * 
encode buttons. Alternatively L uwX"SS Sue c£,T^ *° " f ™ """f* » 

• regular page. However, IftoiSHuSbllfS. tS*K t?™" "* P ° Si '"" > * "» "V " 
infonnudon „„ d» pw i s prtnted in S^TS jLt^T* .M" 0 ' 0,her 

52 cycle, wi.hta PEcT If the SoPECTE went » bTjS?? 1 * • ec °°'l" isl >« d » approximately 
nothing one ^^^^SS^tr^a"* 
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26.2 What are tags? 



ms SL^Z^" m **. ,atC ,94 °' S by W00dland ^ Silver > 31111 P atented ^ »952 

(US Patent 2,612,994) when electronic parts were scarce and very expensive. Now however, with the 

advent of cheap and readily available computer technology, nearly every item purchased from a shop con- 
tains a barcode of some description on the packaging. From books to CDs, to grocery items, the barcode 

SriTIT 6 "' T y 0f K identif y in 8 ™ ob J ect ^ * Product number. The exact interpretation of the 
product number depends on the type of barcode. Warehouse inventory tracking systems let users define 
their own product number ranges, while inventory in shops must be more universally encoded so that prod- 
ucts from one company don't overlap with products from another company. Universal Product Codes 
Sis vety re^oiT " 197 °' S * reqUeSt of ,he National Association of Food Chains for 

^2^hT elVe H S ^ Ve i een S u PeC i fiCd m a IargC nUmber 0f formats - ^ older barcoo > Annate contain 
characters that are displayed in the form of lines. The combination of black and white lines describe the 

mform^on die barcodes contains. Often there are two types of lines to form the complete barcode" the 
characters (the ^formation itself) and lines to separate blocks for better optical recognition. While the 
information may change from barcode to barcode, the lines to separate blocks stays constant. The lines to 
separate blocks can therefore be thought of as part of the constant structural components of the barcode. 
Barcodes are read with specialized reading devices that then pass the extracted data onto the computer for 
ruitherprocessing. For example, a point-of-sale scanning device allows the sales assistant to add the 
scanned item to the current sale, places the name of the item and the price on a display device for verifica- 
read tie b^SfT' ' Seannere ' s,ot readers - ^ d ^^ras are among the many devices used to 

To help ensure that the data extracted was read correcdy, checksums were introduced as a crude form of 

"Toof^° n ' M ° re ^ balCOde fonnatS ' Such 33 ** A* 60 2D barc « de developed by Andy Longacre 
in 1 995 (US patent number US5591956), but now released to the public domain, use redundancy encoding 
schemes such as Reed-Solomon. Reed Solomon encoding is adequately discussed in [241 [261 and [301 
The reader is advised to refer to these sources for background information. Very often the degree of redun- 
dancy encoding is user selectable. 1111 

More recently there has also been a move from the simple one dimensional barcodes fline based) to two 
Amensional barcodes. Instead of storing the information as a series of lines, where the data can be 
extracted from a single dimension, the information is encoded in two dimensions. Just as with the original 
barcodes, the 2D barcode contains both information and structural components for better optical recogni- 

n°K It^T K^STT?** ° f a QR Code (Quick Response Codc >' ^veloped by Denso of Japan 
(US patent number US5726435). Note the barcode cell is comprised of two areas: a data area (depends on 
tiie data being stored in the barcode), and a constant position detection pattern. The constant position 
detection pattern is used by the reader to help locate the cell itself, then to locate the cell boundaries to 
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allow the reader to determine the original orientation of the cell (orientation can be determined by the fact 
that there is no 4th corner pattern). 



21 blocks wide 



position detection 
pattern 




Figure 142. Example QR Code developed by Denso of Japan 

The number of barcode encoding schemes grows daily. Yet very often the hardware for producing these 
barcodes is specific to the particular barcode format. As printers become more and more embedded there 
is an increasing desire for real-time printing of these barcodes. In particular, Netpage enabled applications 
requue the printing of 2D barcodes (or tags) over the page, preferably in infra-red ink. The tag encoder in 
SoPEC uses a genenc barcode format encoding scheme which is particularly suited to real-time printing 
Since the barcode encoding format is generic, the same rendering hardware engine can be used to produce 
a wide variety of barcode formats. " 

Unfortunately the term "barcode" is interpreted in different ways by different people. Sometimes it refers 
only to the data area component, and does not include the constant position detection pattern In other 
cases it refers to both data and constant position detection pattern. 

We therefore use the term tag to refer to the combination of data and any other components (such as posi- 
tion detection pattern, blank space etc. surround) that must be rendered to help hold or locate/read the data. 
A tag therefore contains the following components: 

• data area(s). The data area is the whole reason that the tag exists. The tag data area(s) contains the 
encoded data (optionally redundancy-encoded, perhaps simply checksummed) where the bits of the 
data are placed within the data area at locations specified by the tag encoding scheme. 

• constant background patterns, which typically includes a constant position detection pattern These 
help the tag reader to locate the tag. They include components that are easy to locate and may contain 
onentetion and perspective information in the case of 2D tags. Constant background patterns may also 

' ki t S[iCh pattems 85 a blank area surrounding the data area or position detection pattern These 
blank pattems can aid in the decoding of the data by ensuring that there is no interference between tags 
or data areas. 6 

In most tag encoding schemes there is at least some constant background pattern, but it is not necessarily 
required by all. For example, if the tag data area is enclosed by a physical space and the reading means 
uses a non-optical location mechanism (e.g. physical alignment of surface to date reader) then a position 
detection pattern is not required. 

Different tag encoding schemes have different sized tags, and have different allocation of physical tag area 
to constant position detection pattern and data area. For example, the QR code has 3 fixed blocks at the 
edges of the tag for position detection pattern (see Figure 142) and a data area in the remainder. By con- 
trast, the Netpage tag structure (see Figures 143 and 144) contains a circular locator component, an orien- 
tation feature, and several data areas. Figure 143(a) shows the Netpage tag constant background pattern in 
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Netpage tag. Note that i Fig^f 144 a sZl b 7o dl ! P ^ ^ to 1600 d P j for • 

form a block within the data area. g * 15 re P resented "V many physical output dote to 




(a) Netpage tag background pattern 




<b) Netpage tag showing data area 
Figure 143. Netpage tag structure 




26.2.1 



Figure 144. Netpage tag with data rendered at 1600 dpi (magnified view) 
Contents of the data area 

The data area contains the data for the tag 
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mng resolution For example, in the QR code (see Figure 142). a single bit is represented by a dark module 
or a light module, where the exact number of dots in the dark module or light module depends on the ren- 
dering resolution and target reading/scanning resolution. For example, a dark module may be represented 
by a square block of printed dots (all on for binary 1 , or all off for binary 0). as shown in Figurel45 



single light 
= 2x2 



Single 
= 2x2 black 




21 blocks wfde = 42 dots wide 



□ 



position detection 
pattern 



Figure 145. Example of 2x2 dots for each block of QR code 

^nt^ 0 "ST hCre ,! S ^ 8 Si " 8,e bh ° f ^ may re P resen «d in the printed tag by an arbitrary 

i?7 e ' T^* Shape 1$ * SiD8le Printed d0t ' whUe lar 8 est * theoretically the whole 
tag itsell, for example a giant macrodot comprised of many printed dots in both dimensions. 

ofdalT 1 8Cneri ° definiti0n StmCtUrC aU ° WS *« ««=°«ation of an arbitrary printed shape from each bit 



26.2.2 What do the bits represent? 

Given an original number of bits of data, and the desire to place those bits into a printed tag for subsequent 
retrieval via a reading/scanning mechanism, the original number of bits can either be placed directly into 
de^don^ " S ° mC ^ ThC « fonn of redundancy encoding will 

^e placement of data bits within the data area of the tag is directly related to the redundancy mechanism 
employed m the encoding scheme. The idea is generally to place data bits together in 2D so that burst 
aVeraged ° Ut J ° Ver * e to « thus typically being correctable. For example, all the bits of 
by abSt C ° SPre3d ° Ut ° Vef entirC to8 da * 8188 50 l ° minimi " bein 8 affected 

Since the data encoding scheme and shape and size of the tag data area are closely linked, it is desirable to 

t n 8ea T C g fonnat , stn,cture - This allows the same data structure and rendering embodiment to be 
used to render a variety of tag formats. 

26.2.2.1 Fixed and variable data components 

In numy cases the tag data can be reasonably divided into fixed and variable components. For example if 
a tag holds AT bits of data, some of these bits may be fixed for all tags while some may vary Sm tag^o teg 

^h J L e ^n ,e '^^ U ^ Ve T , Pr ! dUCt COdC aH ° WS a Counti y code a co »Pany code. Since these bits don't 
change from tag to tag, these bits can be denned as fixed, and don't need to be provided to the tag encoder 
each time, thereby reducing the bandwidth when producing many tags. gencoaer 
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the overall bandwidth can be reduced. g Cncoder foi " each to 8' 

Pletely variable, while Xwa^etg encoderSl SoP^'en^ " ? " C ° dBr "" y * COm ' 
of tag data bits. cncoaer such as SoPEC s tag encoder may have a maximum number 



26.2.2.2 Redundancy^ncode the tag data within the tag encoder 



26.3 



Placement of tags on a page 

The TE places tags on the page in a triangular grid arrangement as shown in Figure 146. 

Landscape orientation 



Portrait orientation 



dot direction 
— ► 



© © © 
© © 



© © © 



dot direction 
► 



® 0 



Une direction 



Line direction 



® ® 



Figure 146. Placement of tags for portrait & landscape printing 



is different 
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J3 



Start Position 



AUTagUne Position 



on a number of parameters, as shown in Figure 147. 

^ dot direction 



tag wttnJn 
tag's bounding 
box 



Tag width 
< * 



Dot Inter-tag gap 



line direction 



tine inter-tag gap 



tag within 
tag* bounding 
box 



tag within 
tag's bounding 



Tag height 



Dot inter-tag gap 
I » 






tag's bounding 







Figure 147. General representation of tag placement 



The parameters are more formally described in Table 
not registers. 

Table 120. Tag placement parameters 



120. Note that these are placement 



parameters and 









Tag width 


,'"™^ er <* <*>ts in a single line of the tag's bound- " 
fcfl box The number of dote fn the tag Itself 

dtote in the bounding box will bo constant (by defini- 


minimum 1 
minimum 1 j 


Dot inter-tag gap 


^""7^ of dots from the edge of one tags bound" 


minimum = 0 


Lino inter-tag gap 


toLrtZOZ °! ^ " neS ' rom th0 of one tag's 

bound.ng box to the start of the next tag's boundino 
box, in the line direction. "ounoing 


minimum = 0 


Start Position 


Defines the status of the top left dot on the page - is an 
offset In dot & row within the tag or the intern ™ P 




AJtTagUnePosition 


»»Tf S WO T** ** the start °' *• alternate row of 

inter d0t ^ ** te 9 or «**» *• dot 
inter-tag gap (the row position is always 0) 





26.4 



Basic tag encoding parameters 
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pie matter to adjust the buffer sizes and corresponding addressing to allow urMt™™ . a- 

in future implementations. «woressing to allow arbitrary encoding parameters 



Table 121. Encoding parameters 




N 



Of 



Dy 



page width 



tag size 



number of dots In each dimension of the tag 



redundancy encoding for tag data 



size of fixed data (unencoded) 



steaof redundancy-encoded fixed data 



size of variable data (unertcoded) 



size of redundancy-encoded variable data 



tags per page width 



2 14 dotpairs or 20.48 inches at 1 600 dpi 

typical tag size is 2mm x 2mm 
maximum tag size is 384 dots x 384 dots 
before scaling i.e 6 mm x 6 mm at 1600 dpi 
384 dots before scaling ~ 



Reed-Solomon GF(2*) at 5:10 or 7:8 



40 or 56 bits 



120 bits 



120 or 112 bits 



360 or 240 bits 



85 packed 6mm x 6mm tags (384 x 384 
dots) will fit in 20.48 inches 



supplied* 120 bits of l-^^dS!52SS£^ m ^ 26A h A,tenlatiVC,y * ™ b < 

*tt1Z^ttJ£a£? 112or 120c.atabits.hat at, variable for each tag. Vari- 
26.4.1 .lut JjaS S,Ky ££££ ^ " ^ e ° e °* d byth6TEaS - lection 



26.4.1 Redundancy encoding 



Si oSSS, i i + i c^etr W P0,yn ° OUal " «* = ( * 2 )"(M whe P re , = the 
° f » c/ 15 Symbols> to « ^ possibilities for encoding- 

* sSs^a*^ Symb ° ,S < 4 ° bits >- ^ " redundancy 

= (*+a)(W)...(W<^ P ^ ' S m enw - 7116 8encrator Polynotnial is therefore «sj 

" sSs'me^aTte^tt^ tol* ^ ! ^ ( " ^ 8 

(^XWHW*) * ymb ° 1S m em>r - 7116 generalor Po^mial is ^ = 

fee* 6 S^abS^-^? °5 ° riginal ^ t0bd of ori ^ ^P" tag is 160 bits (40 

aSJas foZ? ^ ^ " redUndanCy eDCOded t0 ^ a total ~t?f 480 bits^^ed, 360 v£ 
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• Each tag contains up to 40 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 120 bits of variable original data. Therefore 6 codewords are required for the 
variable data, giving a total encoded data sue of 360 bits. 

In the second case, with 7 symbols of original da t a, the total amount of original data per tag is 168 bits (56 
fixed, 112 variable). This is redundancy encoded to give a total amount of 360 bits (120 fixed, 240 vari- 
able) as follows: 

• Each tag contains up to 56 bits of fixed original data. Therefore 2 codewords are required for the fixed 
data, giving a total encoded data size of 120 bits. Note that this fixed data only needs to be encoded 
once per page. 

• Each tag contains up to 112 bits of variable original data. Therefore 4 codewords are required for the 
variable data, giving a total encoded data size of 240 bits. 

The choice of data to redundancy ratio depends on the application. 

26-5 Data structures used by tag encoder 

26.5.1 Tag Format Structure 

The Tag Format Structure (TFS) is the template used to render tags, optimized so that the tag can be ren- 
dered in real time. The TFS contains an entry for each dot position within the tag's bounding box. Each 
entry specifies whether the dot is part of the constant background pattern or part of the tag's data compo- 
nent (both fixed and variable). 

The TFS is very similar to a bitmap in that it contains one entry for each dot position of the tag's bounding 
box. The TFS therefore has TagHeight x TagWidth entries, where TagHeigkt matches the height of the 
bounding box for the tag in the line dimension, and TagWidth matches the width of the bounding box for 
the tag in the dot dimension. A single line of TFS entries for a tag is known as a tag line structure. 

The TFS consists of TagHeight number of tag line structures, one for each 1 600 dpi line in the tag's 
bounding box. Each tag line structure contains three contiguous tables, known as tables A, B, and C. Table 
A contains 384 2-bit entries, one entry for each of the maximum number of dots in a single line of a tag 
(see Table 121). The actual number of entries used should match the size of the bounding box for the tag in 
the dot dimension, but all 384 entries must be present 1 . Table B contains 32 9-bit data addresses that refer 
to (in order of appearance) the data dots present in the particular line. All 32 entries must be present, even 
if fewer are used. Table C contains two 5 -bit pointers into table B, and is stored in the 10 low bits of the 
next 32-bit word (the upper 22 bits are unused). The total length of each tag line structure is therefore 34 x 
32-bit words. Padding (18 x 32-bit words) is inserted after every 7 tag line structures to keep each tag line 



I. This is done so that it is possible to go from one line within a tag to the next by simply adding 33 in 32-bit based addressing to DRAM. 
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Tag Format Structure 



tag One structure 0 



y L 



tag line structure 1 



tag line structure 2 



tag line structure 6 



reserved and unused 
<18x324>te) 



tag Ifna structure 8 



tag line structure n 



\ 



\ 



\ 



\ 



\ 



tag line structure 



table A 
(384 entries x 2-brta) 
(768 bits) 



table B 
(32 entries x 9-tofts) 
(288 bits) 



table C 
(2 entries x5-«ts) 
(10 bits) 



reserved and 
unused 
(22 bits) 



Figure 148. Composition of SoPEC's tag format structure 

given in section 26.8.3 on page 



A fiili description of the interpretation and Usage of Tables A, B and C is 



26.5.1.1 Scaling a tag j 

iS« iS t0 ° Tf* 4° * g caa * * on * Of several ways. Either the tag 

TlT ^ d by " dot f 111 tension, which increases the number of entries in the TFS As aj 

SSS 6 ^ ° rifiin M ^ S ^ 21 * 21 eDtrieS ' ^ 11,6 scaliQ S wcre a simple 2 x 2 dots for each of 
to^^JZ mcrCa ?* e TO » bc « * To generate the new TFS from the o£ we 
would repeat each entry across each line of the TFS, and then we would repeat each line of theTFS ! The 
net number of entries in the TFS would be increased fourfold (2 x 2). 

T creation of instead of simple scaling. Looking at Figure 149 for a simple 

of Srilli <T t ^ ^ WC ^ ^ t0 PIOdUCC a phySical * lar * e P-ted form Rfc 

of the original dots was represented by 7 x 7 printed dots. If we simply performed replication bv 7* etch 

. scale up on the output of the tag generator output, then we would have 9 sets of 7 x 7 square blocks. 
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Instead, we can replace each of the original dots in the TFS by a 7 x 7 dot definition of a rounded dot. Fig- 
ure 1 50 shows the results. 6 
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bit 3 



Figure 149, Simple 3x3 tag structure 
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Figure 150. 3x3 tag redesigned for 21 x 21 area {not simple replication) 

Consequently, the higher the resolution of the TFS the more printed dots can be printed for each macrodot 
where a macrodot represents a single data bit of the tag. The more dots that are available to produce a mac- 
rodot, the more complex the pattern of the macrodot can be. As an example, Figure 144 on page 360 
shows the Netpage tag structure rendered such that the data bits are represented by an average of 8 dots x 
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8 dots (at 1600 dpi), but the actual shape structure of a dot is not square. This allows the printed Netpage 
tag to be subsequently read at any orientation. 



26.5.2 Raw tag data 

The TE requires a band of unencoded variable tag data if variable data is to be included in the tag bit- 
plane. A band of unencoded variable tag data is a set of contiguous unencoded tag data records, in order of 
encounter top left of printed band from top left to lower right. 

An unencoded tag data record is 128 bits arranged as follows: bits 0-1 1 1 or 0-1 19 are the bits of raw tag 
data, bit 1 20 is a flag used by the TE (TaglsPrinted), and the remaining 7 bits are reserved (and should be 
0). Having a record size of 128 bits simplifies the tag data access since the data of two tags fits into a 256- 
bit DRAM word. It also means that the flags can be stored apart from the tag data, thus keeping the raw tag 
data completely unrestricted. If there is an odd number of tags in line then the last DRAM read will con- 
tain a tag in the first 128 bits and padding in the final 128 bits. 

The TaglsPrinted flag allows the effective specification of a tag resolution mask over the page. For each 
tag position the TaglsPrinted flag determines whether any of the tag is printed or not This allows arbitrary 
placement of tags on the page. For example, tags may only be printed over particular active areas of a 
page. The TaglsPrinted flag allows only those tags to be printed. TaglsPrinted is a 1 bit flag with values as 
shown in Table 1 22. 



Table 122. TaglsPrinted values 





iilli: 




0 


Don't print the tag in this tag position. 

Output 0 for each dot within the tag bounding box. 


! 1 


Print the tag as specified by the various tag structures. 



26.5.3 DRAM storage requirements 

The total DRAM storage required by a single band of raw tag data depends on the number of tags present 
in that band. Each tag requires 128 bits. Consequently if there arc //tags in the band, the size in DRAM is 
16N bytes. 

The maximum size of a line of tags is 163 x 128 bits. When maximally packed, a row of tags contains 163 
tags (see Table 121) and extends over a minimum of 126 print lines. This equates to 282 KBytes over a 
Letter page. 

The total DRAM storage required by a single TFS is TagHeightfl KBytes (including padding). Since the 
likely maximum value for TagHeight is 384 (given that SoPEC restricts TagWidth to 384), the maximum 
size in DRAM for a TFS is 55 KBytes. 

26.5.4 DRAM access requirements 

The TE has two separate read interfaces to DRAM for raw tag data, TD, and tag format structure, TFS. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



£9 Nov 2002 
Page 368 



SoPEC : Hardware Design 



Sh 



The memory usage requirements are shown in Table 123. Raw tag data is stored in the compressed page 
store v 6 

Table 123. Memory usage requirements 



Compressed page store 



Tag Format Structure 



2048 Kbytes 



55 Kbyte (384 dot line tags 
O 1600 dpi) 



Compressed data page store for BWevel, corttone and 
raw tag data. 



55 kB In PEC1 for 384 dot line tags (the benchmark) at 
1600 dpi 

2.5 mm tags (1/I0th Inch) © 1600 dpi require 160 dot 

lines = 1 60/384 x55 or 23 kB 

2-5 mm tags @ 800 dpi require 80/384 x55 = 12 kB 



The TD interface will read 256-bits from DRAM at a time. Each 256-bit read returns 2 times 128-bit tags 
The TD interface to the DIU will be a 256-bit double buffer. If there is an odd number of tags in line then 
the last DRAM read will contain a tag in the first 1 28 bits and padding in the final 1 28 bits. 

The TFS interface will also read 256-bits from DRAM at a time. The TFS required for a line is 136 bytes. 
A total of 5 times 256-bit DRAM reads is required to read the TFS for a line with 192 unused bits in the 
fifth 256-bit word. A 136-byte double-line buffer will be implemented to store the TFS data. 
The TE's DIU bandwidth requirements are surnmarized in Table 124. 

Table 1 24. DRAM bandwidth requirements 







m 




^^^^^ 




TD 


Read 


Single 256 bit reads 1 . 


1.02 


1.02 


TFS 


Read 


Single 256 bit reads 2 . TFS is 
1 36 bytes. This means there 
is unused data in the fifth 
256 bit read. A total of 5 
reads is required. 


0.093 


0.093 



2: 17 x 64 bit reads per line in PEC! is 5 x 256 bit reads per line in SoPEC with unused bits in the last 256-bit read. 



26.5.5 Tag sizes 



SoPEC allows for tags to be between 0 to 384 dots. A typical 2 mm tag requires 1 26 dots. Short tags do not 
change the internal bandwidth or throughput behaviours at all. Tag height is specified so as to allow the 
DRAM storage for raw tag data to be specified. Minimum tag width is a condition imposed by throughput 
limitations, so if the width is too small TE cannot consistently produce 2 dots per cycle across several tags 
(also there are raw tag data bandwidth implications). Thinner tags still work, they just take longer and/or 
need scaling. 
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26.6 Implementation 



26.6.1 Tag Encoder Architecture 

A block diagram of the TE can be seen below. 
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tagateense 
tastfotfntag . 
advtagllne - 
tfsvafid* 

dotposvaJId' 



X — X 



TFS 
interface 



i 
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' lastdotlntag 
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etdRdAd/1 K 



1A 
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— lastDotlnTagi 
-> tdValid 
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> bttO 
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bit 1 



> bttO 
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/ '8 te.lfu.wdata 



Taj Fife Unit 
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Figure 151. TE Block Diagram 

The TE writes lines of bi-level tag plane data to the TFU for later reading by the HCU. The TE is respon- 
sible for mergmg the encoded tag data with the tag structure (interpreted from the TFS). Y-integer scaling 
of tegs * performed m the TE w,th X-integer scaling of the tags performed in the TFU. The encoded taf 
bft Z ™£T I ™, a J?™^ d ° UtpUt l ° * e TFU * rate - ™ e HCU h °wever only consumes 1 
^7l^ 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



2§"Nov 2002 
Page 370 



SoPEC : Hardware Design 



The tag encoder consists of a TFS interface that loads and decodes TFS entries, a tag data interface that 
toads tag raw data, encodes it, and provides bit values on request, and a state machine to genenJea^- 
ato addressing and control s.gnals. The TE has two separate read interfaces to DRAM for raw tagXa, 
I D, and tag format structure, TFS. 



It is possible that the raw tag data interface, the TD. to the DIU could be replaced by a hardware state 
machine at a later stage. This would allow flexibility in the generation of tags. Support for Y scaling neS 



26.6.2 Y-Scaling output lines 



In order to support scaling in the Y direction the following modifications to the PEC1 TE are suggested to 
the Tag Data Interface, Tag Format Structure Interface and TE Top Level: 

• for Tag Data Interlace: program the configuration registers of Table 126,firstTagLineHeight and tag- 
MaxLme with true value ,.e. not multiplied up by the scale factor YScale. Within the Tag Data interface 
there are two counters, countx and county that have a direct bearing on the rawTagDataAddr genera- 
tioa countx decrements as tags are read from DRAM. It is reset to NumTags[RtdTagSenseJ at start of 
each line of tags, county* decremented as each line of tags is completely read from DRAM i.e. countx 
- 0. Scaling may be performed by counting the number of times countx reaches zero and only decre- 
menting county when this number reaches YScale. This will cause the TagData Interface to read each 
line of tag data NumTags[RtdTagSenseJ * YScale times. 

• for fag Format Structure Interface: The implication of Y-scaling for the TFS is that each Tag Line 
Structure is used YScale times. This may be accomplished in either of two ways: 

• For each Tag Line Structure read it once from DRAM and reuse YScale times. This involves gating 
the control of TFS buffer flipping with YScale. Because of the way in which this advTfsLine and 
aavTagLine related functionality is coded in the PEC1 TFS this solution is judged to be error-prone. 

• Fetch each TagLineStructure YScale times. This solution involves controlling the activity of currTf- 
sAddr with YScale. - 

In SoPEC the TFS must supply five addresses to the DIU to read each individual Tag Line Struc- 
„ e ° returns 4 * 64 " bit words for each of the 5 accesses. This is different from the behav- 
iour in PEC 1 , where one address is given and 1 7 data-words were returned by the DIU 
Since the behaviour of the currTfsAddr must be changed to meet the requirements of the SoPEC 
DIU it makes sense to include the Y-Scaling into this change i.e. a count of the number of com- 
pleted sets of 5 accesses to the DIU is compared to YScale. Only when this count equals YScale can 
currTfsAddr be loaded with the base address of the next lines Tag Line Structure in DRAM other- 
wise it is re-loaded with the base address of the current lines Tag Line Structure in DRAM. 

> For Top Level: The Top Level of the TE has a counter, LinePos, which is used to count the number of 
completed output lines when in a tag gap or in a line of tags. At the start (i.e. top-left hand dot-pair) of 
a gap or tag LinePos is loaded with either TagGapLine or TagMaxLine. The value of LinePos is decre- 
mented at last dot-pair in line. Y-Scaling may be accomplished by gating the decrement of LinePos 
based on YScale value 
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26.6.3 TE Physical Hierarchy 

Tag Encoder 



Top Level FSM 
+ PCU + Comb 
Logic for Muxing 
etc. 



Tag Oata Interface 



Raw Tag Data 
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Encoder 



20 Decoder 



Encoded 'tag Data Interface 



encoded 
fixed tag 
data 
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Table C 



Table B 



Rego/p 



Figure 152. TE Hierarchy 

S^nn 5°^ lUuStr T S St ^ UXal of TE ' *P tovd contains the Tag Data Inter- 

ISlSS f ^ Stni T^ md m FSM to control * c generation of dot pataldong wiTa 

the output data and generating other control signals. 8 
At the highest level the TE state machine processes the output lines of a page one line at a time with the 

!rf£n^h?f 'T iS Within an ™ ter - teg gap « 311 ° ut P ut of 0 is generated. If the current position is 
¥ ^structure is used to determine the value of the output dot, using the appropriate 

iTzt mti rir s , or abie buffere 83 necessaiy - 1116 te then ioig ttSS 

of dots, movuig through tags and utter-tag gaps according to the tag placement parameters 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



23-Nov 2002 
Page 372 




SoPEC : Hardware Design 



I 26.6.4 IO Definitions 

Table 125. TE Port Ust 



Clocks and Resets 



pctk 


1 


In 


SoPEC Functional clock. 


prst_n 


1 


In 


Global reset signal. 


Bandstore Signals 


cdu_endofbandstore[21 S] 


17 


In 


Address of the end of the current band of data. 
256-bit word aligned DRAM address. 


cdu_startofbandstore[21 :5] 


17 


In 


Address of the start of the current band of data. 
256-bit word aligned DRAM address. 


te__finishedband 


1 


Out 


TE finished band signal to PCU and ICU. 


PCU Interface data and control signals 


pcu_addr{8:2] 


7 


In 


PCU address bus. 7 bits are required to decode the address space 
for this block. 


pcu_dataoutI31:0] 


32 


In 


Shared write data bus from the PCU. 


te_pcu_datain[3l:0] 


32 < 


Out 


Read data bus from the TE to the PCU. 


pcu_rwn 


1 


In 


Common readmot-write signal from the PCU. 


pcu_te_sel 


1 


In 


Block select from the PCU. When pcu_te_sei is high both 
pcu^addr and pcu_dateout are valid. 


te_pcu_rdy 


1 


Out 


Ready signaJ to the PCU. When te_pcu_rdy Is high it indicates the 
last cycle of the access. For a write cycle this means pcu_dataout 
has been registered by the block and lor a read cycle this means 
the data on te^pcu^datain is valid. 


TD (raw Tag Data) OIU Read Interlace signals 


td_diu_rreq 


1 


Out 


TD requests DRAM read. A read request must be accompanied by 
a valid read address. 


td_dju_radf[21;5] 


17 


Out 


TD read address to OIU. 

17 bits wide (256-bit aligned word). 


diu_td_rack 


1 


In 


Acknowledge from DiU that TD read request has been accepted 
and new read address can be placed on te_diu_mdr. 


dhj_dataJ63:0J 


64 


In 


Data from DIU to TE. 
First 64-blts are bits 63:0 of 256 bit word; 
Second 64-bits are bits 1 27:64 of 256 bit word; 
Third 64-bits are bits 191:128 of 256 bit word; 
Fourth 64-bits are bits 255:1 92 of 256 bit word. 


diu_td_rvalid 


1 j 


In 


Signal from DIU telling TD that valid read data is on the diu_data 
bus. 


TFS (Tag Format Structure) DiU Read Interface signals 


tfs_diu_rreq 


1 


Out 


TFS requests DRAM read. A read request must be accompanied 
by a valid read address. 


tfs_diu_radr[21:5] 


17 


Out 


TFS Read address to DIU 

1 7 bits wide (256-bit aligned word). 


diu_tfs_rack 


1 


In 


Acknowledge from DJU that TFS read request has been accepted 
and new read address can be placed on tfs diu raoV. | 
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Table 125. TE Port List 



HHQHIHB! 






64 


In 


Data from OIU to TE. 
First 64-bits are bits 63:0 of 256 bit word; 
Second 64-bits are bits 127:64 of 256 bit word; 
Third 64-bits are bits 191:128 of 256 bit word; 
Fourth 64-bits are bits 255:192 of 256 bit word. 


diu_tfs_rvafid 


1 


In 


Signal from DIU telling TFS that vaQd read data is on the diu data 
bus. 


TFU Interface data and control signals — ^— — __ 


tnj_te_oktowrite 


1 


in 


Ready signal indicating TFU has space available and is ready to be 
written to. Also asserted from the point that the TFU has recfeved 
its expected number of bytes for a line until the next 
te^tfu^wradvdne 


te_tfu_wdata[7:0J 


8 


Out 


Write data for TFU. 


te__tfu_wdata valid 


1 


Out 


Write data valid signal. This signal remains high whenever there is 
valid output data on te_tfu_wdata 


te_tfu_wradv1ine 


1 


Out 


Advance line signal strobed when the last byte in a line is placed I 
on te tfu wdata 



26.6.5 Configuration Registers 

^ C ^ n ?f r ^° , !, regiStere iD TC "* P ro « ranuned ™ *e PCU interface.Refer to section 21.8.2 on 
46 des ^P bon °f * e P">t°col and timing diagrams for reading and writing registers in the 
TE.Note that since addresses .n SoPEC are byte aligned and the PCU only supports 32-bit register reads 

S-STi JTiST b « ° f * C PCU ad<freSS to - DOt to d -odethe address sp* e f™Z 

TE.Table 1 26 lists the configuration registers in the TE. 

Renters which address DRAM are 64-bit DRAM word aligned as this is the case for the PEC1 TE 
SoPEC assumes ; a 256-bit DRAM word size. If the TE can be easily modified then the DRAM word 

t^t^Lt 0 ^ 5 256 ' hlt WOrd Otherwise, software should program 

these the 64-bit word aligned addresses on a 256-bit DRAM word boundary.. 



Table 126. TE Configuration Registers 




Control registers 



0x00 



0x04 



Reset 



Go 



A write to this register causes a reset of the TE. 
This register can be read to indicate the reset state: 

0 - reset In progress 

1 - reset not in progress 



Writing 1 to this register starts the TE. Writing 0 to this 
register halts the TE. 

When Go is deasserted the state-machines go to their 
idle states but ail counters and configuration registers 
keep their vaiues. 

When Go is asserted air counters are reset, but con- 
figuration registers keep their values (i.e. they don't 
get reset). NextBandEnabJe is cleared when Go is 
asserted. 

The TFU must be started before the TE is started. 
This register can be read to determine if the TE is run- 
ning (1 = running, 0 = stopped). 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



20-Nov 2002- 
Page 374 




SoPEC : Hardware Design 



Table 126. TE Configuration Registers 







0x40 


TfsStartAdr 

(64-bft aligned DRAM 

address - should start at 

a 256 -b ft aligned loca- 

tion) 


I 19 


I ° 


I Points to the first word of the first TFS line in DRAM. 


0x44 


TfsEndAdr 
(64-bit aligned DRAM 
address - 6houJd start at 
a 256-bit aligned loca- 
tion) 


19 


0 


I Points to the first word of the last TFS line in DRAM. 


0x48 


TfeRrstLlneAdr 
(64-bit aligned DRAM 
address) 


19 


I 0 


i njuiu» iu me nrst worn OT the first TFS line to be 
encountered on the page. If the start of the page is in 
an inter-tag gap. then this value will be the same as 

1 TFSStartAdr since the first tag line reached will be the 

| top line of a tag. 


0x4C 


DataRedun 


1 


0 


1 Defines the data to redundancy ratio for the Reed 
Solomon encoder. Symbol size is always 4 bits, Code- 
word size is always 1 5 symbols (60 bits). 
0-5 data symbols (20 bits). 10 redundancy symbols 
(40 bits) 

1 -7 data symbols (28 bits). 8 redundancy symbols 


0x50 


Decode2DEn 


1 


0 


Determines whether or not the data bits are to be 2D 
decoded rather than redundancy encoded (each 2 
bits of the data bits becomes 4 output data bits). 
\* — i ojlii HMxtm^y encooe oata 
1 = decode each 2 bits of data into 4 bits 


0x54 


VariabfeDataPresent 


1 1 


0 


Defines whether or not there is variable data in the 
tags. If there is none, no attempt is made to read tag 
data, and tag encoding should only reference fixed 
tag data. 


0x58 


Encode Fixed 


1 | 


o | 


Determines whether or not the lower 40 (or 56) bits of 
fixed data should be encoded into 120 bits or simply 
used as is. 


0x5C 


TagMaxDotpairs I 


8 I 


0 f 


The width of a tag in dot-pairs, minus 1 . 
Minimum 0, Maximums 91. 


0x60 


TagMaxLine 


9 


0 j 


The number of lines in a tag, minus 1 . 
Minimum 0, Maximum = 383. 


0x64 


TagGapDot 


14 I 


0 


The number of dot pairs between tags in the dot 

dimension minus 1 . 

Only valid if 7agGapPfl9sen{blt 0] « 1 . 


0x68 
0x6C 


TagGapUne j~ 
DotPairsPerUne f 


14 


0 

o I 


Defines the number of dotlines between tags in the 

line dimension minus 1 . 

Only valid if 7agGapPrBsen{bit1] = 1 . 


0x70 


DotStartTagSense J 


2 j 


0 I 


Number of output dot pairs to generate per tag line. 
Determines for the firstteven (bit 0) and second/odd 
(bit 1) rows of tags whether or not the first dot position 
of the line is in a tag. 
1 a in a tag, 0 «= in an inter-tag gap. 
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^^^^^^^^^ 


IIIIP 












0x74 


TagGapPresent 


2 


0 


Bit 0 is 1 if there is an inter-tag gap tn the dot dimen- 
sion, and 0 If tags are tightly packed. 
Bit 1 is 1 if there is an tnter-tag gap In the line dimen- 
sion, and 0 if tags are tightly packed. 


0x78 


YScale " 


8 


1 


Tag scale factor in Y direction. Output lines to the TRJ 
will be generated YScale times. 


0x80 to 
0x84 


DotStartPos 


2x14 


0 


Determines for the firstfeven (0) and second/odd (1) 
rows of tags the number of dotpaJrs remaining minus 
1 ( in either the tag or inter-tag gap at the start of the 
line. 


0x88 to 
0x8C 


NumTags 


.2x8 


0 


Determines for the first/even and second/odd rows of 
tags how many tags are present in a line (equals 
number of tags minus 1 ). 


&eiup band related registers ~ ■ 



Table 126. TE Configuration Registers 



0xC0 



0xC4 



0xC8 



OxCC 



NextBandStartTagDa- 
taAdr 

(64-brt aligned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 



NextBandEndOfTagOata 
(64-bit aligned DRAM 
address) 



NextBandRrstTagUne- 
Height 



NextBandEnable 



Holds the value of StarfTagDataAdr for the next band. 
This value is copied to StartTagDataAdr when 
OoneBand Is 1 and NextBandEnable is 1 , or when Go 
transitions from 0 to 1. 



Holds the value of EndOfTagData for the next band. 
This value Is copied to EndOfTagData when 
DoneBand Is 1 and NextBandEnable is 1. or when Go 
transitions from 0 to 1. 



Holds the value of RrsfTagUneHelght for the next 
band. This value is copied to RrstTagUneHeight when 
DoneBand gets is 1 and NextBandEnable is 1, or 
when Go transitions from 0 to 1. 



When NextBandEnable is 1 and DoneBand is 1. then 
when te_finishedband Is set at the end of a band: 
-NextBandStartTagDataAdr is copied to StartTagDa- 
taAdr 

-NextBand EndOfTagData is copied to EndOfTagData 
-NextBandRrstTagUneHelght Is copied to RrstTa- 
gUneHeight 
-DoneBand is cleared 
-NextBandEnable is cleared. 
NextBandEnable is cleared when Go is asserted. 



Read-onfy band related registers 
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Table 126. TE Configuration Registers 



KB 


wmmm 










uoneoano 


1 


0 


Specifies whether the tag data interface has finished 

loading all the tag data for the band. 

It is cleared to 0 when Go transitions from 0 to 1. 

When the tag data interface has finished loading all 

the tag data for the band, the te_finishedband signal 

is given out and the DoneBand flag is set. 

If NextBandEnabte is1 at this time then starfTagDa- 

taAdr, endOfTagData and ffrstTaglineHeight are 

updated with the values for the next band and 

DoneBand is cf eared. Processing of the next band 

starts immediately. 

If NextBandEnabte is 0 then the remainder of the TE 
wflf continue to run,, while the read control unit waits 
for NextBandEnabte to be set before it restarts. Read 
only. 


0x04 


orartTagDataAdr 
(64-bit aligned DRAM 
address - should start at 
a 256-bit aligned loca- 
tion) 


19 


0 


The start address of the current row of raw tag data. 
This is rnrtfaJly points to the first word of the band's tag 
data, which should be aligned to a 128-bit boundary 
(i.e. the lower bit of this address should be 0). Read 
only. 


0xD8 


EndOfTagData 
(64-bit aligned DRAM 
address) 


19 


0 


Points to the address of the final tag for the band. 
When all the tag data up to and including address 
endOfTagData has been read in, the tejfinlshedband 
signal is given and the doneBand flag is set. Read 
only. 


OxOC 

lAf>S -X. « - . 

wo nc registt 


RrsfTagLfneHeight 
srs (set before starting the 


9 

It ana m 


0 

ust not b 


The number of lines minus 1 in the first tag encoun- 
tered in this band. This will be equal to TagMaxUne If 
the band starts at a tag boundary. Read only. 


uxiuo 


UnelnTag 


1 


0 


s touched between bands) 

Determines whether or not the first line of the page is 
in a line of tags or in an inter-tag gap. 
1 - in a tag, 0 - in an inter-tag gap. 


0x104 


LinePos 


14 


0 


The number of lines remaining minus 1, in either the 
tag or the inter-tag gap in at the start of the page. 


0x1 10 to 
0x1 1C 


TagData 


4x32 


0 


This 128 bit register must be set up initially with the 
fixed data record for the page. This is either the lower 
40 (or 56) bits (and the encodeRxed register should 
be set), or the lower 1 20 bits (and encodedFixed 
should be clear). The tagDataJO] register contains the 
lower 32 bits and the tagData[3J register contains the 
upper 32 bits. 

This register is used throughout the tag encoding 
process to hold the next tag's variable data. 


Work registei 
Read-only frc 


rs (set Internally) ■ ~~ — — 

>m the point of view of PCU register access 


0x140 


DotPos 


14 


0 


Defines the number of dotpairs remaining in either the 
tag or inter-tag gap. Does not need to be setup. 


0x144 


CurrTag Plane Adr j 


14 


0 


The dot-pair number being generated. 


0x148 


DotsfnTag 


1 


0 


Determines whether the current dot pair is in a tag or 
not 

1 - In a tag, 0 - In an inter-tag gap. 
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Table 126. TE Configuration Registers 




0x14C 




Determines whether the production of output dots Is 
for the first (and subsequent even) or second (and 
subsequent odd) row of tags. 



0x158 



CurrTFSAdr(64-brt 
aligned ORAM address) 



ReadsRemaining 



19 



Points to the start next line of the TFS to be read in. 



Number of reads remaining in the current burst from 
the raw tag data interface 



0x160 



0x164 



0x168 



CountX 



CountY 



Trie number of tags remaining to be read (minus 1 ) by 
the raw tag data interface for the current line. 



RtdTagSense 



The number of times (minus 1) the tag data for the 
current line of tags needs to be read In by the raw tag 
data interface. 



RawTagDataAdr 
(64-bit aligned DRAM 
address) 



Determines whether the raw tag data interface is cur- 
rently reading even rows of tags (=0) or odd rows of 
tags (=1) with respect to the start of the page. Note 
that this can be different from tagAJtSense since the 
raw fag data Interface is reading ahead of the produc- 
tion of dots. 



19 



The current read address within the unencoded raw 
tag data. 



The PCU accessible registers are divided amongst the TE top level and the TE sub-blocks This is achieved 
by mcludmg wnte decoders in the sub-blocks as well as the top level, see Figure 153 fa onkr toST™ 



control 
pcu_aataoutf31:0] ■ 






read 
^decode 



sub-block 



te_pcu_datain[31:0J 



te_pcu_rdy 



top level 



Figure 153. Block diagram of PCU accesses 
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26.6.5.1 Starting the TE and restarting the TE between bands 



The TE must be started after the TFU. 

For the first band of data, users set up NextBandStortTagDatoAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight as well as other TE configuration registers. Users then set the TE's Go bit to start pro- 
cessing of the band When the tag data for the band has finished being decoded, the te Jinishedband 
interrupt will be sent to the PCU and ICU indicating that the memory associated with the first band is now 
free. Processing can now start on the next band of tag data- 
in order to process the next band NextBandStortTagDatoAdr, NextBandEndTagData and NextBandFirst- 
TagLineHeight need to be updated before writing a l to NextBandEnahle. There are 4 mechanisms for 
restarting the TE between bands: 

a. tejinishedband causes an interrupt to the CPU. The TE will have set its DoneBand bit. The 
CPU reprograms the NextBandStortTagDatoAdr, NextBandEndTagData and NextBandFirstTa- 
gLineHeight registers, and sets NextBandEnahle to restart the TE. 

b. The CPU programs the TE's NextBandStartTagDataAdr, NextBandEndTagData and NextBand- 
FirstTagLineHeight registers and sets the NextBandEnahle flag before the end of the current 
band. At the end of the current band the TE sets DoneBand. As NextBandEnahle is already I , 
the TE starts processing the next band immediately. 

a The PCU is programmed so that tejinishedband triggers the PCU to execute commands from 
DRAM to reprogram the NextBandStartTagDataAdr, NextBandEndTagData and Next- 
BandFirstTagLineHeight registers and set the NextBandEnahle bit to start the TE processing 
the next band The advantage of this scheme is that the CPU could process band headers in 
advance and store the band commands in DRAM ready for execution. 

d.This is a combination of b and c above. The PCU (rather than the CPU in b) programs the TE's 
NextBandStartTagDataAdr, NextBandEndTagData and NextBandFirstTagLineHeight registers 
and sets the NextBandEnahle bit before the end of the current band. At the end of the current 
band the TE sets DoneBand and pulses tejinishedband. As NextBandEnahle is already 1, the 
TE starts processing the next band immediately. Simultaneously, te Jinishedband triggers the 
PCU to fetch commands from DRAM. The TE will have restarted by the time the PCU has 
fetched commands from DRAM. The PCU commands program the TE next band shadow reg- 
isters and sets the NextBandEnahle bit. 

After the first tag on the page, all bands have their first tag start at the top i.e. NextBandFirstTagLineHeight 
« TagMaxLine. Therefore the same value of NextBandFirstTagLineHeight will normally be used for all 
bands. Certainly, NextBandFirstTagLineHeight should not need to change after the second time it is pro- 
grammed 
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| 26.6.6 TE Top Level FSM 

The following diagram illustrates the states in the FSM. 

Reset OR Go 0 



Go — Q 



•c 



i 



Idle 



D 



Go— 1 



TagDotLine 



2n 



While producing valid tag Ij n ^ 



Figure 154. Tag Encoder Top-Level FSM 

At the highest level, the TE state machine steps through the output lines of a page one line at a time, with 
the starting position either in an inter-tag gap (signal dotsintag - 0) or in a tag (signals tfsvalid and tdvalid 
and lineintag = 1) (a SoPEC may be only printing part of a tag due to multiple SoPECs printing a single 
line). ° 

If the current position is within an inter-tag gap, an output of 0 is generated. If the current position is 
within a tag, the tag format structure is used to determine the value of the output dot, using the appropriate 
encoded data bit from the fixed or variable data buffers as necessary. The TE then advances along the line 
of dots, moving through tags and inter-tag gaps according to the tag placement parameters. 
Table 127 highlights the signals used within the FSM. 

Table 127. Signals used within TE top level FSM 



pdk 


Sync dock used to register all data within the FSM 


prst_n. te_reset 


Reset signals 


advtagline 


1 cycles pulse indicating toTDI and TFS sub-blocks to move onto the next line of 
Tag data 


currdotiineadr(1 3:0] 


Address counter starting 2 pdk ahead of currtagplaneadr to generate the correct 
dotpair for the current line 


dotpos 


Counter to identify how many dotpairs wide the tag/gap is 


dotsintag 


Signal identifying whether the dotpair are In a tag(iygap(0) 


Oneintag_temp 


Identical to lineintag but generated 1 pdk earlier 


linepos_shadow 


Shadow register for Unepos due to linepos being written to by 2 different proc- 
esses 


talaltsense 


Rag which alternates between tag/gap lines 


te_state 


FSM state variable 


teplanebuf 


6-bit shift register used to format dotpairs into a byte for the TFU 


wradvfine 


Advance line signal strobed when the last byte in a line is placed on te tfu wdata 
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Due to the 2 system clock delay in the TFS (both Table A and Table B outputs are registered) the TE FSM 
is working 2 system clock cycles AHEAD of the logic generating the write data forthe TFU As a result 
the following control signals had to be single/double registered on the system clock 



dotsintag • 
tdvalid • 
tfsvalid - 
tfu_ok_write - 
lineintag^temp - 



dotsintag 1 


tdvalidl 


w 


tfsvalid 1 


► 


tfu_ok_writel 


► 

► 



pclk 



A. 



-+dotsintag2 
->tdvalid2 
->tfsvalid2 
-+-tfu_ok_write2 



Figure 155. Generated Control Signals 

The tag_dot_line state can be broken down into 3 different stages. 

Stage!:. The state tag_dotJine is entered due to the go signal becoming active. This state controls the 
wntmg of dotbytes to the TFU. As long as the tag line buffer address is not equal to the do^TpZrUne 
^tZ^T- ™ & £- e -f OWrite * *« * ™ "* TD available or tagga^XS 

STeS^r^ ^ r ^, tten *° TFU - nc te « line buffer » ™* intemaHy but not su^ 

phcd to the TFU since the TFU is a FIFO rather than the line store used in PEC1 . 

Regenerating the dotline of a tag/gap line (lineintag flag = 1 ) the dot position counter dotpos is decre- 
mented/reloaded (with tagmaxdotpairs or taggapdot) as the TE moves between tags/gaps. The dotsintag 

ZEUS} 1ST (0f ° ragap ' « fo^tag).This pattern continues unVthe end ofaSnf 

approaches (airrdothneadr dotpairsperline). 

i?Z em t°f f yd f ^f 0 ™ ° fthe dotIinc the an« toga signals must be prepared 

for the next dotline be it in a tag/gap dotline or a purely gap dotline. prepared 



f Stn ™ P ?l en r ° f * ^ ' S rCaChed S ° " 43 ^ to decrement the line P° s if still in 

L2*f? / ° * C '""^ reglSter ' and reprognun the dotsintag flag if going onto 

another tag/gap or pure gap row. Any signal with the _temp extension means this nJisS is updated a 

rows y *** ?" 1631 reg,St6r t0 8Ct itS e " wct ValuC While switehin « between dot lineTand tag 

^ f " Ul "nT" Tf " ^ Zer ° i e when = 0 *• «» ^ a tag/gap has beef 

S i v7 M = ° Ae ^ ° f 3 teg TOW iS reacheA This ^ signals lineimZ_ temp and 

toga/tre/ue which were generated one jry^remc/ocA: cycle earlier in Stage 1. ^ ^ 

' ™ S Stage im P ,e ™ n « th * writing of dotpairs to the correct part of the 6-bit shift register based on 
the LSBs of ci/magp/aneoaV and also implements the counter for the currtagplaneadr. The cumagpla- 
for tiUSt? ^ n *«<'? agplanea ? r " (*»pairverline - 1). AH the qualifier signals e.g d^tateg 
for this stage are delayed by 2 *y«em c/oc* cycles i.e. the currtagplaneadr (which is the mtemal write 
address not needed by the TFU) cannot be incremented until the dSpairs are available 
astern clock cycles later than when currdotlineadr is incremented. 
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The wradvline and advtagline pulses are generated using the same logic (currently separated in the PEC1 
Tag Encoder VHDL for clarity). Both of these pulses used to update further registers hence the reason they 
do not use the delayed by 2 system clock cycle qualifiers. 



26.6.7 Combinational Logic 



The TDI is responsible for providing the information data for a tag while the TFSI is responsible for decid- 
ing whether a particular dot on the tag should be printed as background pattern or tag information. Every 
dot within a tag's boundary is either an information dot or part of the background pattern. 



TDI 



tdLetdO 



tdLetdl 



tdLtagisprinted 



TFS 
Interface 



tfci_ta_dotO[1I 



tfsLta_dotOfQl 



tfsi_ta_dot1(1] 



tfci_ta_dot1[0] 



^8 



j ^dotsCO] 



t 



^Ctots[1] 



dotsintag 

Figure 156. Logic to combine dot information and Encoded Data 

The resulting lines of dots are stored in the TFU. 

The TFSI reads one Tag Line Structure (TLS) from the DIU for every dot line of tags. Depending on the 
current printing position within the tag (indicated by the signal tagdotnum\ the TFS interface outputs dot 
information for two dots and if necessary the corresponding read addresses for encoded tag data. The read 
address are supplied to the TDI which outputs the corresponding data values. 

These data values (tdi^etdO and tdi^etdl) are then combined with the dot information (tfsi_ta_jdotO and 
tfsi_ta_dotI) to produce the dot values that will actually be printed on the page (dots), see Figure 1 56. 



lastdotintagl 



dotsintag 
tfevafid 
t d valid 
d otoos 




dotpairap eritne 



Figure 157. Generation of Lastdotintag/1 

The signal lastdotintag is generated by checking that the dots are in a tag (dotsintag = 1) and that the dot- 
position counter dotpos is equal to zero. It is also used by the TFS to load the index address register with 
zeros at the end of a tag as this is always the starting index when going from one tag to the next, lastdotin- 
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Ssfl fo f r *e TFSi CTable C) where advjfsjine pulse is used to update the Table C 

wauM ™,f Z " th,S ' S ^tintag occurs a cycle earlier than adTtfs line which 

would result m the wrong Table C value for the last dotpair. lastdotintag is also used te vSm' TOi F<S 
(etd_sw,tch state) to pulse the etd_ad vtag signal hence switching buffers ?£ CTD^or the nex^ag 

tTSn SS ! ^ tdotiMa ^ is id ° ntical to WoflVtog except it is combinatorial^ generated (1 cycle earlier 
^ ^ ft « to g except at the end of a tagline). lastdotintagl signal is only IL i^e TDi to res« o5 
tdvahd signal on the cycle when dotpos = 0. Note the UNSlGNED(currdotlineadr) = UNS 

lastdotintag_gen process as this is an combinatorial process. n me 



dotsintagi 

tfcvaliHI ^ 

BSSBii 1 ^ic ^ 1<*?°™*« 

te tlbi nMnwritoi ^ 




Figure 158. Generation of Dot Position Valid 

The dotposvalid signal is created based on being in a tac line (lineintnvl - n h^c • 
ayanable (/rfvaArfy = l). Note that each of the qualifier signals are delayed by 1 oclk evele due to ,h«> 
Sfe°to^^e °SL C*j?° TaWe C WhCTC d ° 9nSSl iS ^ ™< X^lgS^edran 



dotsintag 
tfsvafid2 
tdvalid2- 
currtagpianeadr 




Logic 



-> te_tfu_we 



te_tlbi_wradr 



Figure 159. Generation of write enable to the TFU 
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The signal tejfu_wdatavalid can only be active if in a taggap or if valid tag data is available (tdvalidl and 
tfsvalidl) and the currtagpplaneadr(l :0) equal 1 1 i.e. a byte of data has been generated by combining four 
dotpairs. 



tagmaxdotpairs 




tagdotnum 


► 

a 




► 



T 



dotpos 



Figure 160. Generation of Tag Dot Number 

The signal tagdotnum tells the TFS how many dotpairs remain in a tag/gap. It is calculated by subtracting 
the value in the dotpos counter from the value programmed in the tagmaxdotpairs register. 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



_29 Nov 2002 
Page 384 



SoPEC : Hardware Design 



J3 



26.7 Tag Data Interface (TDi) 

26.7.1 I/O Specification 

Table 128. TDI Port List 



EC/'*** 




Clocks and Resets 



pclk 



prst_n 

DIU Read Interface Signals 



In 



In 



SoPEC system dock 



Active-tow, synchronous reset in pclk domain. 



TFS (Tag Format Structure) 



[ diu_data(63:0] 


In 


Data from ORAM. 


1 td_dlu_rreq 


Out 


Data request to DRAM. 


I td_diu^radr(21:S] 


Out 


Read address to DRAM, 


diu_td_rack 


in 


Data acknowledge from DRAM. 


J diu_td_rvaltd 


In 


Data valid signal from DRAM. 


I PCU Interface Data, Control Slgna 


Is and 


| pcu_dataout[31:0] 


In 


PCU writes this data. 


pcu_addr[8:2] 


In 


PCU accesses this address. 


J pcu_rwn 


In 


Global read/write-not signal from PCU. 


[ pcu_te_sel 


In 


PCU selects TE for r/W access. 


| pcu_te_reset 


In 


PCU reset 


I td_te_doneband "~ "~ — 

td_te_dataredun 

td_te_decode2den 
J td_te_variabJedatapresent 

td_te__encodefixed 

td_te_numtagsO 

td_te_numtagsl 

td_te_sta rttag cfataad r 

td_te_rawtaodataadr 

td_te_endoftagdata 

td_te_firsttagiinehefght 

td_te_tagdataO 

td_te_tagdata1 

td_te_tagdata2 

td_te_tagdata3 

td_te_countx 

td_te_oounty 

td_te_rtdtagsense 
td_te_readsremajning 


Out 


PCU readable registers. 



LtfsLadrO[8:0] 


In 


Read address for dotO 


tfsi_adr1[6:0] " 


In 


Read address for dott 


sandstone Signals — * 


cd u_startofbandstoref24 ft] 


In 


Start memory area allocated for page bands 


1 cdu_endofbandstore[24:0] 


In 


Last address of the memory allocated for page bands 


1 te_ftnlshedband 


Out 


Tag encoder band finished 
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ORAM interface 



te_finisnedband 
M 



etdRdAdrO » 



etdHdAdii i 




-> tdVaW 

— bstDotinTag 

— iastDotlnTagl 



-> tagtePrinted 



Figure 161. TDI Architecture 



26.7.2 Introduction 



The tag data interface is responsible for obtaining the raw tag data and encoding it as required by the tag 
encoder The smallest typical tag placement is 2mm x 2mm, which means a tag is at least 126 1600 dpi 
dots wide. r 

In PEC1, in order to keep up with the HCU which processes 2 dots per cycle, the tag data interface has 
been designed to be capable of encoding a tag in 63 cycles. This is actually accomplished in approximately 
52 cycles within PEC1. For SoPEC the TE need only produce one dot per cycle; it should be able to pro- 
duce tags in no more than twice the time taken by the PEC1 TE. Moreover, any change in implementation 
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from two dots to one dot per cycle should not lose the 63/52 cycle performance edge attained in the PEC1 

tt^^Jr/tf^ 1< ? , , tbe ^ d * a contains » raw tag data interface FSM that fetches tag data 

from DRAM, two symbol-at-a-time GF(2 4 ) Reed-Solomon encoders, an encoded data interface and a state 
£m r l ? ! the encoding process. It also contains a tagData register that needs to be set up to 
hold the fixed tag data for the page. 

The type of encoding used depends on the registers TE_encodefixed. TE_dataredun and TE decode2de n 
tne options being, 

• (1 5.5) RS coding where every 5 input symbols are used to produce 1 5 output symbols, so the output is 
3 times the size of the input. This can be performed on fixed and variable tag data. 

• (1 5.7) RS coding, where every 7 input symbols are used to produce 15 output symbols, so for the same 
number of mput symbols, the output is not as large as the (15,5) code (for more details see section 
26.7.6 on page 400). This can be performed on fixed and variable tag data. 

' Indl^bfe *g4^ b 2 ^ bitS t0 PK>dUCe 4 ° UtPUt ^ 11115 Ca " * P erfonned on fi *«» 

" fixedSa" o^r ^ iS PaSSCd ^ ^ EnC ° ded ° ata IntCrfaCe - ™ S can be Performed on 

Each tag is made up of fixed tag data (i.e. this data is the same for each tag on the page) and variable ta e 
data (i.e. different for each, tag on the page). P-ge, ana vanaoie tag 

ta| L d *nl ^ St0rCd " DRAM 35 12 °- bitS when U is c oded (« no coding is required) 

222dt? i ( SL C ^ Dg I 8 •T" d ° r 56 " bitS WheD 0 5 ' 7 > is Once the fixed tagS 

is coded it is 1 20-bits long. It is then stored in the Encoded Tag Data Interface. 

2? SI 5? ^ Stored , in L the DRAM fa f onn. When (15,5) coding is required, the 120- 

KLJ?£T TEZFT 36 °" bitS - ° 5,7) COdiDg iS ret » uired the 112-bi* stored in 

r^^," 110 24 °" b,tS - ^ 2D decodin « 15 re 1«" re ° the 120-bits stored in DRAM are con- 
verted into 240-bits. In each case the encoded bits are stored in the Encoded Tag Data Interface. 

The encoded fixed and variable tag data are eventually used to print the tag. 

£L fiX « ^ data " 1°^ * ° L nCC fr ° m DRAM at the of* Page- " « encoded as necessary and 
.?„?£^ * ° nC ° f ** i X A 5 ; b,tS rc « istcre/RAMs ™ the Encoded Tag Data Interface. This data remains 
unchanged in the registers/RAMs until the next page is ready to be processed. 

The 120-bits of unencoded variable tag data for each tag is stored in four 32-bit words. The TE re-reads 

1 L rrri Si ' *** ^ DRAM ' ever > il P^es that tag. The variable tag 

data FIFO which reads from DRAM has enough space to store 4 tags g 
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| 26.7.3 Data Flow 

An overview of the dataflow through the TDI can be seen in Figure 162 below. 



RAW TAG DATA INTERFACE 
8*84 



ENCODED TAG DATA INTERFACE 

-Encoded fixed data can bo up to 120 bib lono 
•Use 2 button to aftow tor 2 simultaneously 
READs in one cycle. 

•Those stores hold the fixed tag data tor 1 tag. 
-Total memory • 120x2 - 240 bits 



REED SOLOMON/ 
DECODE 2D 




-The requested tag is READ 
into this 128-bit buffer. 
-This buffer can be updated 
up to 1 63 times/Ine. 
-Each tag wiu be loaded 
at least 126 times. 



-min dot/lag 128 (specified) 
•max dotsAne • 1600x12.8 - 20480 
-max tags/fine - 20480/126 - 163 
-max variable datartag - 120 
-max amount of tag data/line - 120 x 164 
-Spilt the 120 tag data bits into 2x64- bits (8 spare bits) 
•Max memory needed tor 1 (too of tag data - 2x64x164 . 656x32 
•Divide this in half to alow tor sfrnuttaneous READ/WRITE 
•Once a* this data to loaded It win be vsfid tor at toast 126 fries. 
-™*»| h « spedOcattav we must be able to rjrocess 2 dotsfcycto. 
-126 Driea contains 20480x126 -2580480 dots, 
-Therefore the data wil be updated at most every 1290240 cycles. 
-Totafrnemory. 164x2x64 •20992^ts 
-J*™«**™* Mil addressing. Rt-9 toccatas which buffer. 
™ ^'?2 0 J U1S start00 * **** *«* bufler has 1 a a line in which to be loaded 
l.e.to/el2^inchllnoUhasi(^dcto»5l20cyctos 
tor an 8 inch one ■ has 6400 dots or 3200 cycles 



-Have to be able to read one tag* data 
from the Raw Tag Data Interface, RS 
encode and store ft to the Encoded Tag 
Data Interface to 63 cycles or less. 




-Encoded vsftabte data can be up to 380 bits tono 
•Use 2 buffers to aflow for 2 simultaneously 
READs in one cycle. 

-Use 2 buffers to allow tor stoiuttaneousfy 
READ/WRITE 

-Total memory m 360x2x2 - 1280 bits 
-Mto tag width - 126 dots 

so the fastest that 1 tag can be road - 128/2 - 63 cycles 



Figure 162. Data Flow Through the TDI 

The TD interface consists of the following main sections: 

• the Raw Tag Data Interface - fetches tag data from DRAM; 

• the tag data register; 

• 2 Reed Solomon encoders - each encodes one 4-bit symbol at a time; 

• the Encoded Tag Data Interface - supplies encoded tag data for output; 

• Two 2D decoders. 

The main performance specification for PECI is that the TE must be able to output data at a continuous 
rate or 2 dots per cycle. 
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Raw tag data interface 

The raw tag data interface (RTDI) provides a simple means of accessing raw tag data in DRAM The RTDI 
passes tag data into a FIFO where it can be subsequently read as required. The 64-bit output from the 
FIFO can bei read directly, with the value of the v^r ^counter being used to set/reset as the enable signal 
{rtdAvail). The FIFO is clocked out with receipt of an rtdRd signal from the TS FSM 



Figure 163 shows a block diagram of the raw tag data interface 



DRAM interface 



raw tag data 
Interface 



raw tag data 
FIFO 



— ► 


diu_dataf63:0] 






wrptr 






rtd_fffo_wr_en 






rdptr 






pdk 


rtdbu1t64:0J 



17 



rtd state 
machine 



tejinishedband 



rtdbuq63:0] 



(r rtd&jf data registered In Tag Data Rag) 



PH* 1 | QLH 1 

I ***** I ~l 

O Q _J ^ D Q_J 



pcJk 



fifb_wr_en 
diu_td_rvaGd 



pcflc 



rtd_fjfo_wr,en 



rtlrd 



rdptr 
► 



rtdrd 



(rtdrd generated In TD FSM) 




rtdavail 



wr_fd_countar 
► 



Figure 163. Raw tag data Interface block diagram 



26.7.4.1 RTDI FSM 



Tltie RTDI state machine is responsible for keeping the raw tag FIFO full. The state machine reads the line 
of teg data once for each printline that uses the tag. This means a given line of tag data will be read at least 
1 26 times since the tag height is 126 lines for 2 mm tags. Note that the first line of tag data may be read 
fewer than 1 26 fames since the start of the page may be within a tag. In addition odd and even rows of tags 
may contai n different numbers of tags . 
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Sir" n f 5 ;i °fr ine o h T t0 StSUt the TE ^ reStart h between bands - Users m ^ «* the Afetfftmrf- 
StartTagDatoAdr, NextBandEndOJTagData, NextBandFtmTagLineHeight and numTagsfOJ numTagsf 
registers before starting the TE by asserting Go. J numtagsi 

7?*^.* e *£ e °°° der fo 5 sccond «"» subsequent bands of a page, the NextBandStartTagDataAdr 
NextBandEndOfTagData and NextBandFirstTagLineHeigh registers need to be updated (typical 

ZTmSES? ?W *? bC tte SamC if thC P rCVi0US band cont ^ an even nlber of throws) 

Secnon 266S1 for a M1 description of the four ways ° f ^«-g 

^^sisrs sssf containin8 togs - ^ maxima,,y packed> a row of * gs con - 

The RTDI State Flow diagram is shown in Figure 164. An explanation of the states follows: 

it—'T'Jyj 1 ! i<UC , T C i [ UHBe 15 n ° VarfabIe *** preSCnt - Ifthere is data present and 

fcere are at least 4 spaces left in the FIFO then request a burst of 2 tags from the DRAM (1 * 256btert 
Counter countc is assigned the number of tags in a even/odd line which depends on the value of register 
"dtagsense Down^ounter county is assigned the number of dot lines high a tag will be (min 126) Ini- 
tially it must be set the firsttaglineheight value as the TE may be between pages (i e. a partial tag) For nor- 
mal tag generation county will take the value ottagmaxline register. &) ' 

d J^ C Jf S ''. Th !. di rfv CS l StatC WiU generatc a ret * uest to * e °RAM ifthere are at least 4 spaces in the 
o££ S A m< ? by the , counter w-rd-counter which is incremented/decremented on writes/reads 
JlSl^T-'l/T is less than 4 (FIFO is 8 high) there must be 4 locations free. A 

^Sffi^if 1 ^ 18 8enerated f ° r * e durati ° n of ** DRAM burst access. Addresses 
are sentm bursts of 1 . The counter burst_count controls this signal, (will involve modification to existing 

^/o_W:- This state controls the addressing to the DRAM. Counters countx and county are used to moni- 
tor whether the TE is processing a line of dots within a row of tags. When countx is zero it means all tag 
dots for this row are complete. When county is zero it means the TE is on the last line of dots (prior to Y 

° f ^ Wh " a f0W of *»«* is com P lcte * e ««« of rtdtagsense is inverted (odd/ 
Z I' u ra ™ ta 8 d ? aadr u <=onipared to the te_endoftagdata address. If rawtagdataadr = endoftagdata 
the <WW Slg nal is set, thefinishedband signal is pulsed, and the FSM enters the rtd^tall s4te until 
the doneband signal ,s reset to zero by the PCU by which time the rawtagdata, endofiagedata and firstta- 
£Z.?™?T*^ SCtU P With new values to restart ^ TE. This state is used to count the 64-bit reads 
from the DIU. Each time diu_td_rvalid is high rtd_data_count is incremented by 1. The compare of 

Zt^TrTTlr 7 nWH S nCCC ? Sary to find out when either 4 *64-Wt data has been received or 

Ltl'cK ( J epe 'Sf 8 r«^ Ch o{rawta Sdataadr- endoftagdata in the middle of a set of 4*64-bit 
values being returned by the DIU. 

£f™ W ^ f0 Jc* C thC ^ W * b * ™* page 379 for a description of how 
this occurs). Once reset the FSM returns to the idle state. This states also performs the same count on L 
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diu_data read as above in the case where diu_td_rvalid has not gone high by the time the addressing is 
complete and the end of band data has been reached i.e. rawtagdataadr = endoftagdata 



variabfedatanresent = O 



J3C 



JL 



IDLE 



I ^ 



J 



fltt°=.1 ANPwr rri counter < 15 



end of 
burst 



DJU_ACCESS 



hi td rack = 1 



FIFOJ.OAD 



dopfiband 



=r<: 



doneband = 1 



RTD^STALL 



Figure 164. RTDt State Flow Diagram 



address 
increasing 



DRAM addresses 



bandNVI 



cdu_startofband store 

TE_endoftagdata (for band N) 

TE_endoftagdata (for band N+1) 
cdu_endofbandstore 



Figure 165. Relationship between TE_endoftagdata, cdu_startofbandstore and 

cdu_endofbandstore 
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26.7.5 TDI state machine 



The tag data state machine has two processing phases. The first processing phase is to encode the fixed tag 
data stored in the 128-bit (2 x 64-bit) tag data register. The second is to encode tag data as it is required by 
the tag encoder. 

When the Tag Encoder is started up, the fixed tag data is already preloaded in the 128 bit tag data record. If 
encodeFixed is set, then the 2 codewords stored in the lower bits of the tag data record need to be encoded: 
40 bits if dataRedun = 0, and 56 bits if dataRedun = 1. If encodeFixed is clear, then the lower 1 20 bits of 
the tag data record must be passed to the encoded tag data interface without being encoded 

When encodeFixed is set, the symbols derived from codeword 0 are written to codeword 6 and the sym- 
bols derived from codeword 1 are written to codeword 7. The data symbols are stored first and then the 
remaining redundancy symbols are stored afterwards, for a total of 15 symbols. Thus, when dataRedun = 
0, the 5 symbols derived from bits 0-19 are written to symbols 0-4, and the redundancy symbols are writ- 
ten to symbols 5-14, When dataRedun = 1, the 7 symbols derived from bits 0-27 are written to symbols 0- 
6, and the redundancy symbols are written to symbols 7-14. 

When encodeFixed is clear, the 120 bits of fixed data is copied directly to codewords 6 and 7. 
The TDI State Flow diagram is shown in Figure 166. An explanation of the states follows. 



indflfctedaiaacBsgQtgBfl 



enCQffftfiXftrt g- 1 AND rtataw*»,n mm Q AND ifgc o degrtpn «=- 1 

gnctxtefixftd — i amp daiaceAffl 



Ixcd " 1 AND datamdun w» q akjd flgcflflfl2dfifl — n 




data£edua«=jQLAj 



datamdun — 0 ANCKfocfxtePrtpn, „ o 



load_tag_data) 

gatamtfun — 1 AND dftcmteZtfrn- ° 1 daiamdun — t and m n 



Figure 166. TDi State Flow Diagram 

idle:- In the idle state wait for the tag encoder go signal - top_go « 1. The first task is to either store or 
encodethe Fixed data. Once the Fixed data is stored or encoded/stored the donefixed flag is set. If there is 
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no variable data the FSM returns to the idle state hence the reason to check the donefixed flag before 
advancing i.e. only store/encode the fixed data once. 

fixed _daUr.- In fixed.data state the FSM must decode whether to directly store the fixed data in the 
ETDi or if the fixed data needs to be either (15:5) (40-bits) or (15:7) (56-bits) RS encoded or 2D decoded 
should IbT * m re8iSteIS enCOd ^ fixed and dataredun **d decodeZden determine what the next state 

bypass jo_etdt- The bypass_to_etdi takes 120-bits of fixed data(pre-encoded) from the tag_data(l27 0) 
register and stores it in the 15*8 (by 2 for simultaneous reads) buffers. The data is pasted from the 
tag data regxster through 3 levels of muxing (Ievell, Ievel2, level3) where it enters the RS0/RS1 encoders 
( Jtf "T m a ***** th ? ough mode ( ie - controLS and control_7 are zero hence the data passes 
2s 6 ^ l ° ** 0UtPU °' 7116 MSBS ° f etd - Wr - adr must *> ^e this data as code- 

etd_buf_switch> This state is used to set the tdvalid signal and pulse the etd_aa\_tag signal which in turn 
LTL 2 SWtt * ^ r, te f"" of me CTDi buff «* (^0). The^/rime signal is used to identify 
the first tune a tag is encoded. If zero it means read the tag data from the RTDi FIFO and encode Once 
encoded and stored the FSM returns to this state where it evaluates the sense of tdvalid. First time around 
1 ^Jcw 50 tdvaM retUrns to *to readtagdata state to fill the 2nd ETDi buffer. After this 

the FSM returns to this state and waits for the lastdotintag signal to arrive. In between tags when the last- 
doungtag signal is received the etd_adv_tag is pulsed and the FSM goes to the readtagdata state. However 
if the lastdotintag signal arrives at the end of a line there is an extra 1 cycle delay introduced in generating 
the etd_adv_tag pulse (via etd_adv_tag_endofline) due to the pipelining in the TFS. This allows all the 
previous tag to be read from the correct buffer and seamless transfer to the other buffer for the next line. 
readtagdata:- The readtagdata state waits to receive a rtdavail signal from the raw tag data interface which 
indicates there is raw tag data available. The tagjata register is 128-bits so it takes 2 pulses of the rtdrd 
l ° c lw 2 * 64 * it » ' mt0 *• ta S-data register. If the rtdavail signal is set rtdrd is pulsed for 1 cycle 
and the FSM steps onto the loadtagdata state. Initially the ting first64b its will be zero. The 64-bits of rtd 
are assigned to the tag_data[63:0J and the fagfirst64bits is set to indicate the first raw tag data read is 
complete The FSM then steps back to the read_tagdata state where it generates the second rtdrd pulse 
The FSM then steps onto the loadtagdata state for where the second 64-bits of rawtag data are assigned to 
tag_flata[128:64j \ °^ 

loadtagdata-.- The loadtagdata state writes the raw tag data into the.teg_<fera register from the RTDi FIFO 
The first64bits flag is reset to zero as the tag_data register now contains 120/1 12 bits of variable data A 
decode of whether to (1 5:5) or (15:7) RS encode or 2D decode this data decides the next state. 

"- 75 - J> J Thc re - 15 - 5 Solomon (15:5) mode) state either encodes 40-bit Fixed data or 120-bit 

Variable data and provides the encoded tag data write address and write enable (etd_wr_adr and etdwe 
respectively). Once the fixed tag data is encoded the donefixed flag is set as this only needs to be done once 
per page The variabledatapresent register is then polled to see if mere is variable data in the tags If there 
u vanable data present then this data must be read from the RTDi and loaded into the tagjata register. 
Else Ae tdvalid flag must be set and FSM returns to the idle state. control_5 is a controlbit for the RS 
fcncoder and controls feedforward and feedback muxes that enable ( 1 5:5) encoding. 

71,6 *- ,5 - / ? 1 f ,ate ^ 8 e «crates the control signals for passing 120-bits of variable tag data to the RS 
encoder m 4-bit symbols per clock cycle. rs_counter is used both to control the levell.mux and act as the 
15-cycle counter of the RS Encoder. This logic cycles for a total of 3*15 cycles to encode the 120-bits. 

Ss 7 u^eadof 5 _1 ^ *** ™ ***** ** ^ ^ *** ,evell - mux has t0 7 sym- 

d 2oSd^ilr\ d rAz 2d ^lY'^ decodc - 2d ■*» Prides the control signals for passing the 
120-bit variable data to the 2D decoder. The 2 Isbs are decoded to create 4 bits. The 4 bits from each 
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decoder are combined and stored in the ETDi. Next the 2 MSBs are decoded to create 4 bits. Again the 4 
bits from each decoder are combined and stored in the ETDi. 

As can be seen from Figure 161 on page 386 there are 3 stages of muxing between the Tag Data register 
and the RS encoders or 2D decoders. Levels 1-2 are controlled by level l_mux and level2_mux which are 
generated within the TDi FSM as is the write address to the ETDi buffers (etd_wr_adr) 

Figures 1 67 through 172 illustrate the mappings used to store the encoded fixed and variable tac data in the 
ETDI buffers. 
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halftaglinecyi 





DRAM 






3129.. 


. . 10 


tef_tfu_adr*l 


6362.. 


..33 32 


tdi_<fiu.»dr+2 


9594. . 


.65 64 


tdL<fti_adr+3 


127 126. . 


..97 98 



TE_tagdata(1 19:0) TE_tagdata(1 19:0) 



J — | cucr,write_adrAaj rr_read _atfr 
cufT_wriie_adf+l/fcurr_rBad_adrv1 

LJ -+ 



TE_tagdata(i27:0) 



J 63 62. . 


..10 


[127 126. . 


..65 64 



63 62. . 


..10 


127 126. . 


..65 64 



1916.. 


1 0 


39 38.. 


..212C 


59 58.. 


..41 40 


79 78.. 


..61 6C 


99 98.. 


.. 81 8C 


119116. .101 IOC 



04 d3 d2 dg dp 



TE_jaodata( 119:0) 




P9 Pft P7 Pe Ps P4 Pa P2 Pi Po d 4 d 3 dj d, do 



dO to d9 are encoded and stored 
during cycles N to N+14 



P19 Pia P17 Pia Pis Pu P13 P12 Pn Ptpda da d? <% d 5 
wradr(5:0) 



di4djj d| 2 d 11 djp 



di9d <6 d 17 c> 16 d 1s 



^^^ | RSO j — ► I P29 P26 P27 P26 P2S P24 P23 P22 P21 PZQ d t4 d t3 d 12 d n d t0 



[P» P3aP37P36P3SP34P33P32P3lP3Q <*\fi d, a d 17 d 16 d 15 



dlO to dt 9 are encoded and stored 
during eydes N+15 to N+29 



d 24 ^ d22 da, da) 



d 2S_ d 2fld27 da d25 



d20 to d29 are encoded and stored 
during cycles N+30 to N+44 




codeword 3 

codeword 2 - 



I 1E 


P39P29 


10 


P36P26 


1C 


P37P27 


IB 


P36P26 


1A 


P35 P25 


19 


P34 P24 


18 


P33 P23 


17 


P32 P22 


16 


P31 P21 


15 


Pao P20 


14 


d 19 d M 


13 


d, a d 13 


12 


di 7 d t 2 


11 


d 16 d 11 


10 


disdto 


— * t 




wradr(5:0) 



' { P49 P48 P47 P4S P<5 P44 P43 P42 P41 P<Q <*24 ^23 &22 ^ <*2Q 



«S1 »j P59 PSB PS7 PS6 PSS PS4 PS3 PS2 PSI PSO d29 <ht <*27 <*2& <*zT 



Figure 167. Mapping of the tag data to codewords 0-7 



*2E 


P59 P49 


n 20 


PS8P48 
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P57P47 
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P66P46 


y j 2A 


P55P45 


\/ 29 


P54P44 


A 28 


PS3P43 


J\ 27 


P52P42 


\ \ 26 


PSt P41 


\\ 25 


P50 P40 


\\ 24 


d29d24 


\\ 23 


d28°23 


\\ 22 




U 21 


d 26 d2i 


20 




codewords J T 

codeword 4 ' 
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wradr(5:0) 



TE_tagdata(1T9:0) 



03 dg d 1 dp 



<*9 d a dy de dg 




RS1 



P9 Pe P? Ps Ps P4 P3 P2 Pi Po ^tfjdgdt d 0 



Pl9Pl8Pl7pT6PlS P14 Pl3 Pl2 Pi 1 PiO <*« d 8 <*7 <% <"*S 



do to d9 are encoded and stored 
during cycles N to N+14 



eoaewora o * 

Figure 168. Coding and mapping of uneoded Fixed Tag Data for (15.5) RS encoder 
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Pie Pe 
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P14 P4 




P13P3 




P12P2 




P11 Pi 




P10P0 


M 


dgd 4 




d a d a 




d 7 d 2 










codeword? ^ f 

codeword 6 ' 


1 5,5) RS encoder 



do to d29 are stored 
during cycles N to N+14 



wradr(5;0) 





3E 


<*29 024 




^■^^^'^ 30 


d 28°23 


TE_tagdata(1 10:0) 


^ 3C 


d27d22 


38 




d 4 d 3 dg d, do 


3A 


d2sd20 


o*« d e d 7 dg 


39 


d 19 d, 4 


d 14 d 13 d 12 d 11 d, 0 


38 


d i« d u 


d 19 d 1« d 17 d t6 d IS 


37 


d l7 d t2 


5*24 °23 0*22 021 djo 


36 


d 16 d n 




35 


d 15 d 10 




<h<U 



d 8 d 3 



drdj 



«6 d 1 



d sOo 



J6 » 

Figure 169. Mapping of pre-coded Fixed Tag Data 
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codeword ( 
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ORAM 




tdUJhi-adr 


3129.. 


..1 0 


tdLcfu_adr*l 


S3 62.. 


..33 32 




95 94 . . 


..65 64 


cdi_<ttJ_adr+3 


127128.. 


.97 98 



hafftagfrnefVl 



t -1 curr_write_adrtewT_fead_atfr 



U ► 



• 


• 


TE_tagdata( 127:0) 


27 26.. 


..10 


63 62.. 


..10 




63 62 . . ..10 




55 54.. 


-.29 2£ 


127 t26. . 


.65 64 




127 126.. ..65 64 




63 62. 


..57 56 




i 






111 110„ 


..85 64 



TE_tagdata(1 It*) TE^tagdata(1 1 1:0) 



d 5 d 4 03 d 2 <h dp 



d s <U <h <*2 <h <k 


► 


RSO 




d 13 d 12 d n d 10 d9 da <h 








X 






RSI 









Pr Ps P4 Pa Pa Pi Po Q8 d 5 d 4 d 3 dg d, do 



► [ P1SP14P13P12P11 P10P9 Pb d 13 d 12 d n d t0 d9d s dy 



dO to dl3 are encoded and stored 
duringcydesNtoN+14 



TE_tagdata(ni:0) 





/ 

► 


RSO 






<ho dig d ie d 17 d| 6 d, s d 14 


°27 d26 d25 da 4 d23 d^ d 21 


RSt 







1 P23 P22 Pzi P20 P19 Pia P17 Pis dzo d 19 d tB d 17 d 1g d ls d t , 



—~H P31 P30 P29 P26 P27 P28 P25 P24 ^27 dzg d 24 d 21 



dl4 to d27 are encoded and stored 
during cycles N+15 to N+29 



codeword 3 

codeword 2 




Figure 170. Coding and mapping of Variable Tag Data for (15.7) RS encoder 
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wradr(5:0) 



TE_tagdata<111:0) 



de d 5 d 4 d 3 d^ da do 




\ 


d l3 d 12 d n dtodg d a dj 







RSO 



RS1 



dO to d13 are encoded and stored 
during cycles N to N+14 





4L3E 


PJ5 P7 




/I 3D 
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/ 30 
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/ / ae 
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I ^7 Pe Ps P4 P3 P2 Pi Pq dg d s d 4 da d^ d, do V / 
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PlO P2 






P*PI 


[ PisPuPtaPi2PuPioPg Pa^ia^diWio^sdsdy 




PePo 
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M 


d 11 <U 






d, Q d 3 






d 9 d2 






d 6 d, 






<h do 




codeword 7 J | 

codeword 6 — — * 



Figure 171. Coding and mapping of uncoded Fixed Tag Data for (15,7) RS encoder 
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halftaglineGrt 





1 




TE_tagdata<l19:0) 


TE_tagdaia(119:0) 


* 
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TE_tagdata(119:0) 



wradr(5;0) 



« upper 2-brts of symbol x 
lower 2-bits of symbol x 

1 K after 2D decoding (4-bits long) 
\ x after 20 decoding (4-bits Jong) 



2D Decoding 
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► DEC 






^4 124 ^ la ha Ija h 21 Ij, hjQ (go 
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codeword 2 • 
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Figure 172. Mapping of 2D decoded Variable Tag Data 
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26.7.6 Reed Solomon (RS) Encoder 

26.7.7 Introduction 



l^™£H D fi C ° de S a "°? ^ W0Ck C ° de - If a symbo1 consists ° f m bi " *en there are q = 2 m pos- 
sible symbols defining the code alphabet. In the TE, m = 4 so the number of possible symbols is q = 16 

A? n^ni!rf?u S l5 I ° Ck C ? de With k infonnati ™ symbols and n code-word symbols. RS codes have 
the property that the code word n is limited to at most q+1 symbols in length 

z^jezssf - ° 5 ' 7> 1(5 - * — - 4 «** 

• TE_dataredun = 0 and TE_decode2den - 0. then use the (1 5,5) RS coder 

• TE_dataredun = 1 and TE_decode2den - 0, then use the (1 5,7) RS coder 

!L 0r J? ° 5,k ? , RS °? dfiwithm = 4lk ^ infonnation symbols applied to the coder produce 1 5 4-bit code- 
word symbols at the output. In the TE, the code is systematic so the first k codeword symbol U £ « 
the as the k input information symbols. 7 

A simple block diagram can be seen in. 



J 2 IM k 

PM|i|4|t|aw*i -umiHHiannf. 



RS (n,k) encoder 
symbol size m=4 



1 2 n-1 n 



Figure 173. Simple block diagram for an m=4 Reed Solomon Encoder 

26.7.8 I/O Specification 

A I/O diagram of the RS encoder can be seen in. 



pdk 



pn>t_n 



re_dataJn(3:0J 



finable 



TE_dataredun 



Reed Solomon Encoder 



re_data,otrt t3;0) 



Figure 174. RS Encoder I/O diagram 

26.7.9 Proposed implementation 

In the case of the TE, (15,5) and (1 5,7) codes are to be used with 4-bits per symbol. 

The primitive polynomial is p(x) = x 4 + x + 1 

In the case of the (15,5) code, this gives a generator polynomial of 

g(x) = (x^)(x^ 2 )(x+a 3 Xx+a 4 )(x+a 5 )(x^(x^ 7 Xx+a 8 )(x^ 9 )(x^ 1 ^ 
g(x) = ,10 + aV + a 3 x« + a 9 x 7 + aV + a 14 x 5 + a 2 x 4 + ax 3 + aV + ax + a 10 
g(x)-x" + g9 x 9 + g 8 x*-f g7 x 7 + gex* + g 5 x 5 + g4x 4 + g 3 x 3 + g 2 x 2 + g,x + go 
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In the case of the (1 5.7) code, this gives a generator polynomial of 

h(x) = (x+aXx+a^Cx+a^x+a^x+a^Cx+a^Cx+a^tx+a 8 ) 

h(x) = x 8 + a 1 V + aV + a 4 x s + a 2 x 4 + a 1J x 3 + a 5 x 2 + a n x + a 6 

h(x) = x 8 + h 7 x 7 + hgx 6 + h 5 x 5 + h4X 4 + b 3 x 3 + h 2 x 2 + hjX + ho 

SmKp^t ^ Pr0dUCed ^ diV,din8 *• genera, ° r *° l y»™* int ° * Po^-a. made up 
This division is accomplished using the circuit shown in Figure 175. 

controi_7 




controLs 




(9) denotes an muttfpfler that 
mMp6ea Galois RoM elements 

©denotes an adder (hat 
adds Gatofa Retd elements 



(ds.<Wd 4 ^3.d 2 ,d 1l d 0 . 



cantn*_* — T\ 
conlroLS — jj 

TE_datansdun 



ra_datajn(3:0) 




codewwd 
syrntoots 



ra_daia_ou^3:0) 



Figure 175. (15,5) & (15,7) RS Encoder block diagram 

2^ CiFCUit " eGa * ois Field elcmcnts *> ^on and multiplication are performed using special 
circuitry. These are explained in the next sections. 

The RS coder can operate either in (15,5) or (15,7) mode. The selection is made by the registers 
TE^dataredun and TE_decode2den. 

When operating in (15,5) mode control^ is always zero and when operating in (15,7) mode control^ is 
axways zero. 

Firstly consider (15,5) mode i.e. TEJlatarcdun is set to zero. 
For each new set of 5 input symbols, processing is as follows: 

The 4-bits of the first symbol d 0 are fed to the input port rs_dataJnQ:0) and control 5 is set to 0. mux2 is 
out H?J°, ^ a° Z^T 5 eCd S"*" COntr ° L5 * Zer ° 50 m "*' **** W J») as the out- 

T^S£^,°^^ Settlcd (<< 1 ^ Clc) ' *" Shift rcgisters ™ clocked - ™ e "** symbol 

i^SStlt ^ nPUt '^ d a /" n aftCr * e ^ ^ shift are clocked again^his 

!Z?j££ ? Symb0lS * 311(1 ^ a * e 5 outputs are the same as fce inputs. 

After 5 cycles the shift registers now contain the next 10 required outputs, control 5 is set to 1 for the next 
10 cycles so that zeros are fed back by mux2 and the shift register values are fed to the output by «S 
and mux4 by simply clocking the registers. p y 
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A timing diagram is shown below. 



i i i 




Figure 176. (15,5) RS Encoder timing diagram 

Secondly consider (l 5,7) mode i.e. TEJbtaredun is set to one. 

^^r™n™ g u S ™^!° f° VC *» cont ™ 1 - 7 sta X s «°w while 7 symbols rf. jtf 
Sl« ^7 " ^ ^ baCk ^ * C Circuit ' these ^y°*o»» « tod to the output. After these 7 
cycles, control_7 is set to 1 and the contents ofthe shift register are fed to the output Attertnese 7 

A timing diagram is shown below. 




Figure 177. (15,7) RS Encoder timing diagram 

The enable signal can be used to start/reset die counter and the shift registers. 

The RS encoders can be designed so that encoding starts on a rising enable edge. After 1 5 symbols have 

t^?^ V6,y ' T enablC g0CS high the Shift re S istere "» resct ^coding will proceed until it is 

£££ at a^r-"' K 7 S T" ed * *" COrrCCt *»* Using this method . ™ ^ continuous ly 
output at a rate of 1 symbol per cycle, even over a few codewords. 

Alternatively, the RS encoder can request data as it requires. 

The performance criterion that must be met is that the following must be carried out within 63 cycles 

• load one tag's raw data into TEjtagdata 

• encode the raw tag data 

• store the encoded tag data in the Encoded Tag Data Interface 

Sax k S,? ™?? ? * C ° f E page > is no definite Perfonnance criterion except 

tftat it should be encoded and stored as fast as possible. 
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26.7.10 GaJois Field elements and their representation 

A Galois Field is a set of elements in which we can do addition, subtraction, multiplication and division 
without leaving the set. 

The TE uses RS encoding over the Galois Field GF(2 4 ). There are 2 4 elements in GF(2 4 ) and they are gen- 
erated using the primitive polynomial p(x) = x 4 + x + 1 . 

The 16 elements of GF(2 4 ) can be represented in a number of different ways. Table shows three possible 
representations - the power, polynomial and 4-tuple representation. 

Table 129. GF(2 4 ) representations 







MBmQSM 


0 


0 


(0000) 


1 


1 


(1 00 0) 


a 


X 


(0 10 0) 


a 2 


X 2 


(00 10) 


a 3 


X 3 


(0 0 0 1) 


a* 


1 +x 


(110 0) 


a 5 


x+x 2 


(0 110) 


a 6 


x 2 + x 3 


(001 1) 


o 7 


1+X +x 3 


(110 1) 


a 8 


1 +x* 


(1010) 


a 8 


X +x 3 


(0 10 1) 


a 10 


1 +X+X 2 


(1110) 


a" 


x+x 2 +x 3 


(0 111) 


a 1 * 


1 + x+x 2 +x 3 


(1111) 


o« 


1 +x 2 +x 3 


(10 11) 


a" 


1 + x 3 


(10 0 1) 



26.7,11 Multiplication of GF(2 4 ) elements 

The multiplication of two field elements ct* and ct b is defined as 
CC C = Cf.a b = a (a+*)modulo 15 

Thus 

a , .a 2 = a 3 

a 5 .a ,0 «a 15 

a 6 .a 12 -a 3 

So if we have the elements in exponential form, multiplication is simply a matter of modulo 15 addition. 
If the elements are in polynomial/tuple form, the polynomials must be multiplied and reduced mod x 4 + x 

Suppose we wish to multiply the two field elements in GF(2 4 ): 
a a = a 3 x 3 + a 2 x 2 + a,x J + ao 
a b = b 3 x 3 +b 2 x 2 + b l x I +b 0 
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where a,, bj are in the field (0,1) (i.e. modulo 2 arithmetic) 
Multiplying these out and using x 4 + x + 1 = 0 we get: 

« a+b = [(aoba + a L b 2 + a 2 b, + a 3 b 0 ) + a 3 b 3 ]x 3 

+ f(aob 2 + a,bi + a 2 b 0 ) + a 3 b 3 + (a^ + a 2 b 3 )]x 2 

+ [(aob, + ai b 0 ) + (a 3 b 2 + a 2 b 3 ) + (ajbj + a 2 b 2 + a 3 b,)]x 

+ [(aob 0 + a,b 3 + a 2 b 2 + a 3 b,)] 
ct a+b = + ajb 2 + a^ + a 3 (b 0 + b 3 )]x 3 

+ [aob 2 + a,bj + a 2 (b 0 + b 3 ) + a 3 (b 2 + b 3 ) ]x 2 

+ [aob, + ai (b 0 + b 3 ) + a 2 (b 2 + b 3 ) + a 3 (b, + b^ ]x 

+ [aob 0 + ajb 3 + a 2 b 2 + a 3 b t ] 

If we wish to multiply an arbitrary field element by a fixed field element we get a more simple form. Sup- 
pose we wish to multiply a b by a 3 . 

In this case a 3 = x 3 so (a0 al a2 a3) = (0 0 0 1), Substituting this into the above equation gives 

a c = (b 0 + b3)x 3 + (b 2 + b 3 )x 2 4-(b, +b2)x + b, 
This can be implemented using simple XOR gates as shown in Figure 178 

b, bo = a b 









1 


i f 




-N 

1 


; 

t 




r 
> 



Cj c , Cq -a"* 3 

0 exclusive OR gale 

Figure 178. Circuit for multiplying by a 3 

26.7.12 Addition of GF(2 4 ) elements 

If the elements are in their polynomial/tuple form, polynomials are simply added. 
Suppose we wish to add the two field elements in GF(2 4 ): 

a* - a 3 x 3 + a 2 x 2 + ajx + ao 

d b = b 3 x 3 + b 2 x 2 + b,x + b 0 
where a*, b x are in the field (0,1) (i.e. modulo 2 arithmetic) 

ct c = a a + a b «= (a 3 + b3)x 3 + (a 2 + b^x 2 + (a, + b , )x + (bq + b 0 ) 
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Again this can be implemented using simple XOR gates as shown in Figure 179 
<*» «s t>s a, b, a, bo a,, 



T T T T 



-a> + a* 



€«*jslve OR gate 



Figure 179. Adding two field elements 



26.7.13 Reed Solomon Implementation 



The designer can decide to create the relevant addition and multiplication circuits and instantiate them 
where necessary. Alternatively the feedback multiplications can be combined as follows 
Consider the multiplication 

a a .a b = ct c 
or in terms of polynomials 

(a 3 x 3 + a 2 x 2 + a,x + a^CM 3 + bjx 2 + b,x + b 0 ) = (c 3 x 3 + c 2 x 2 + c,x + <*) 

Table 130. a* multiplied by all field elements, expressed in terms of cc b 



a 3 



a 8 



a* 



,1* 



(0000) 



(1 000) 



(0 100) 



(00 1 0) 



(000 1) 



(110 0) 



(0110) 



(0 011) 



(110 1) 



(1 O 1 0) 



(010 1) 



(1110) 



(0 1 1 D 

(1111) 



0 011) 



(100 1) 



ho 



bo+b 3 



bi+t>2 



bo+h,+b 3 



bo+b3 



bo+b|+b 3 



bo+bj 
bi+bg 



bo+bg 



bt+c 3 



bp+bg+bg 



bj+hg+bg 



bp+bi4b2+ba 



b 0 -f-b 1 4b 2 



b 0 +b 1 



the following signals are required: 
• b 0> D i>b 2f b 3f 



bo+b24b 3 



b 1 4b 2 4b 3 



b 0 rKb l 4b 2 4O 3 



bp+bi+bg 



b 0 4b, 



b 2 



bo^> 3 



bz+b 3 



b,4b2 



bo+bvfbg 



bg+b2 



b,4b. 



bp+byfba 



b t 4byfb3 



bg^bi+bz+ba 



bo+b,4b2 



bo+bt 



bo 



b, 



bo-fb 3 



ba+b 3 



bi^ 



bo+bi+bg 



b Q +b2+b 3 



bi+bj+Oa 



^+b|+b2+b 3 



b 0 +b, 



bo 
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• ( b 0 +b,), (bo+bj, (bo+bj), (bj+b^, (b,+b 3 ), (b 2 +b 3 ), 

• (b 0 +bi+b 2 ) f (b 0 +b 1 +b 3 ), (b 0 +b 2 +b 3 ), (b,+b 2 +b 3 ) f 

• (b 0 +b!+b2+b 3 ) 

The implementation of the circuit can be seen in Figure . The main components are XOR gates 4-bit shift 
registers and multiplexers. 5 

The RS encoder has 4 input lines labelled 0,1,2 & 3 and 4 output lines labelled 0,1,2 & 3. This labelling 
corresponds to the subscripts of the polynomial/4-tuple representation. The mapping of 4-bit symbol 
from the TE_tagdata register into the RS is as follows: 

- the LSB in the TE_tagdata is fed into lineO 

- the next most significant LSB is fed into linel 

- the next most significant LSB is fed into line2 

- the MSB is fed into line3 

The RS output mapping to the Encoded tag data interface is simiiiar. Two encoded symbols are stored in 
an 8-bit address. Within these 8 bits: 

- lineO is fed into the LSB (bit 0/4) 

- linel is fed into the next most significant LSB (bit 1/5) 

- Iine2 is fed into the next most significant LSB (bit 2/6) 

- Iine3 is fed into the MSB (bit 3/7) 
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ho (a 6 ) Ma 11 ) ha (a 5 ) *3 (<* 13 ) h 4 (a 2 ) h 5 (a 4 ) h 6 (a 2 ) h 7 (a 14 ) 



b^ 

bo+b,**. 



bs 
bo 



-KB 



b* 

Mb 
b«Hb 
bi 



n4 



bo*b, 

bo-fbffb^ 

bi*ba 
b^t* 



*©4aJ — *&LL 



at; 



b^bs 
b, 



b^b, 
ba 
ba 




controL5 



go(« 16 ) 9i(*) g 2 (cc 6 ) g 3 (a) g 4 (a 2 ) g 5 (a 14 ) g 6 (a 6 ) g 7 (a 9 ) g 8 (a 3 ) b 9 (« 2 ) 



bo+bi*ba 
bo^+b^b, 
b^b^ 



bo*ba 

bi 
ba 



bi^ba 
bfba 
bp*b, 



bo*b3 

t>2 



3 



b, 



tta^b, 
ba 
b3 



b,*ba 

bo^bj 
bo*b,*ba 



bo+bt+bj+b, 
b,*t>7+b3 
b^b^bs 



bi*ba 
bo+03 



— 



*B»1 A I *D> 



4 



b^ 
bo+bj 
bi 



<B, + exclusive Oft eato 
4-bil shift ro^tsr 



□ 



tB_dat*_int3:0) 



Figure 180. RS Encoder Implementation 



Si, 



3(. 



rs_data_<xrt(3:0) 
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26.7.14 2D Decoder 

The 2D decoder is selected when TE_decode2den - 1. ft operates on variable tag data only, its function is 
to convert 2-bits into 4-bits according to Table 131. lon 15 

Table 131. Operation of 2D decoder 



mm 


WW 


00 


000 1 


01 


00 10 


1 0 


0100 | 


1 1 


1000 



26.7,15 Encoded tag data interface 



iS^^ 5* C ° n ^ nS ™ CnCOded 6x6 ta * **** ^ore interface and an encoded variable 

tag data store interface, as shown in Figure 181. 



dataln 




advTag 



etdl 



etdO 



Figure 181. encoded tag data interface 
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The two reord units simply reorder the 9 input bits to map low-order codewords into the bit selection com- 
ponent of the address as shown in Table 132. Reordering of write addresses is not necessary since the 
addresses are already in the correct format. 

Table 132. Reord unit 




The encoded fixed data interface is a single 1 5 x 8-bit RAM with 2 read ports and 1 write port. As it is only 
written to during page setup time (it is fixed for the duration of a page) there is no need for simultaneous 
read/write access. However the fixed data store must be capable of decoding two simultaneous reads in a 
single cycle.Figure 1 82 shows the implementation of the fixed data store. 



idAdrO 



wrAdr 1 



bits) 



encoded fixed tag data Interface 



data In 



B 



rdAdM, 



4jhibtts) 



(15x8bft) 



4 



(15x8 bit) 



8 N 1 



3(lo bits) 

-7* 



«. _ _ _ . 



ootO 



y 1 » outi 



Figure 182. encoded fixed tag data interface 

The encoded variable tag data interface is a double buffered 3 x 1 5 x 8-bit RAM with 2 read ports and 1 
write port. The double buffering allows one tag's data to be read (two reads in a single cycle) while the 
next tag's variable data is being stored. Write addressing is 6 bits: 2 bits of address for selecting 1 of 3, and 
4 bits of address for selecting 1 of 15. Read addressing is the same with the addition of 3 more address bits 
for selecting 1 of 8, 

Figure 1 83 shows the implementation of the encoded variable tag data store. Double buffering is imple- 
mented via two sub-buffers. Each time saiAdvTag pulse is received, the sense of which sub-buffer is being 
read from or written to changes. This is accomplished by a 1-bit flag called wrsbO. Although the initial 
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££££ iSiST 1, il must invert upon reccipt of 3,1 pulse - 7116 structure of each sub - buffcr 



advTag 



rdAdrO- 
fdAdrl- 
wrAdr- 



evttfwo- 



wrsbO 
(1 bit) 



1 



encoded variable tag data Interface 



-we. 



variable 
tag data 
sub buffer 0 



variable 
tag data 
sub buffer 1 



1 

1/ 



\ 



-► outO 



■> OUt1 



Figure 183. Encoded variable tag data interface 




nJAdrt 



> out1 



Figure 184. Encoded variable tag data sub-buffer 
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26.8 Tag Format Structure (TFS) Interface 

26.8.1 Introduction 

The TFS specifies the contents of every dot position within a tags border i.e.: 

• is the dot part of the background? 

• is the dot part of the data? 

The TFS is broken up into Tag Line Structures (TLS) which specify the contents of every dot position in a 
particular line of a tag. Each TLS consists of three tables - A, B and C (see Figure 1 85). 

For a given line of dots, all the tags on that line correspond to the same tag line structure. Consequently, for 
a given line of output dots, a single tag line structure is required, and not the entire TFS. Double buffering 
allows the next tag line structure to be fetched from the TFS in DRAM while the existing tag line structure 
is used to render the current tag line. 

The TFS interface is responsible for loading the appropriate line of the tag format structure as the tag 
encoder advances through the page. It is also responsible for producing table A and table B outputs for two 
consecutive dot positions in the current tag line. 

o 31 



TE_tfsstartadr 



\ 



Tag Format Structure I 
for tagX 



The number of dot lines 

(n a Tag - rvtl 

Le. TagHeight «= rn-1 



T^tfsendadr 



TLS X_0 



TLSX_1 



TLSX_2 



TLSX_n 



TLSX+1_0 



TUSX+1_1 



TLS X+12 



TLS X+1_n 



Table A 

24 x 32-brts=7B8-brts 
(384 entries x 2-bits) 



Table 5 

9 X 32-blts«288-blts 
(32 antriftg * 



23 
24 



32 



xHT I a 1 33 

f 0 9 10- T" 31 



Table C 
10-bfts 

(2 entries x 5-btts) 



22 -bits reserved and unused 



Figure 185. Breakdown of the Tag Format Structure 

• There is a TLS for every dot line of a tag. 

• All tags that are on the same line have the exact same TLS. 

• A tag can be up to 384 dots wide, so each of these 384 dots must be specified in the TLS. 

• The TLS information is stored in DRAM and one TLS must be read in to the TFS Interface for each 
line of dots that are outputted to the Tag Plane Line Buffers. 

• Each TLS consists of 17 64-bits words. This is read from DRAM as 5 times 256-bit words with 192 
padded bits in the last 256-bit DRAM read. 

26.8.2 I/O Specification 

Table 133. Tag Format Structure Interface Port Ust 





Biff 


Mm mi 


1 




pcfk 


In 


SoPEC system dock 


prst_n 


In 


Active-tow, synchronous reset in pclk domain 
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Table 133. Tag Form at Structure Interface Port List 




diu_tfs_rack 



diu_tfs_rvaJid 



tfs_diu_rreq 



«fs_diu_radr[21:5J 



tag encoder top level 



top.advtagJine 



top_tagaJtsense 



topjastdotlntag 



top_dotposvalid 



top_tagdotnurn[7.-0] 



tfsLvaJtd 



tfsi_ta_dot0[1:0] 



tfsLta_dot1[1:0] 



In 



Out 



Out 



Data acknowledge from DRAM 



Data valid from DRAM 



Read request to DRAM 



Read address to DRAM 



In 



In 



In 



In 



in 



Out 



Pulsed after the last line of a row of tags 



For even tag rows = 0 i.e. 0,2,4.. 
For odd tag rows a 1 i.e. 1.3,5... 



Last dot in tag Is currently being processed 



Current dot position is a tag dot and its structure data and tag data Is 
available 



Counts from zero up to TE_tagmaxdotpafrs (min. =1, max. = 192) 



Out 



Out 



tag encoder top level (PCU read decoder) 



TLS tables A. Band C, ready for use 



Even entry from Table A corresponding to top_tagdotnum 



Odd entry from Table A corresponding to top^tagdotnum 



tfs_te_tf sstartad r[23 :0) 



tfs_te,tfsendadn:23.-0J 



tfs_te_tfsfirsttineadr[23:0] 



tfs_te^currtfsadrI23:0I 



TDI 



Out 



Out 



Out 



Out 



TFS tfsstartadr register 



TPS tfsendadr register 



TFS tfsfirstfineadr register 



TFS currtfaadr register 



tfcUdLadrO(8:Q] 



tfs?.Jdi,adr1{e:0J 



Out 



Out 



Read address for dotO (even dot) 



Read address for dotl (odd dot) 
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26.8.2.1 State machine 



The state machine is responsible for generating control signals for the various TFS table units, and to load 
the appropriate line from the TFS. The states are explained below. 

idle:- Wait for top_go to become active. Pulse advjfsjine for 1 cycle to reset tawradr and tbwradr regis- 
ters. Pulsing advjfsjine will switch the read/write sense of Table B so switching Table A here as well to 
keep things the same i.e. wrtaO = NOT(yvrtaO). 

diu_access> In the diu_access state a request is sent to the DIU. Once an ack signal is received Table A 
write enable is asserted and the FSM moves to the tlsjoad state. 

tlsjoad:- The DRAM access is a burst of 5 256-bit accesses, ultimately returned by the DIU as 
5*(4*64bit) words. There will be 192 padded bits in the last 256-bit DRAM word. The first 12 64-bit 
words reads are for Table A, words 12 to 15 and some of 16 are for Table B while part of read 16 data is for 
Table C The counter read_num is used to identify which data goes to which table. The table B data is 
stored temporarily in a 288-bit register until the tls.update state hence tbwe does not become active until 
read__num= 16). 

• The DRJ data goes directly into Table A (12 * 64). 

• The DIU data for Table B is loaded into a 288-bit register. 

• The DIU data goes directly into Table C. 



tls T update> The 288-bits in Table B need to written to a 32*9 buffer. The tls_update state takes care of this 
using the readjnum counter. 

tls_next.~ This state checks the logic level of tfsvalidaad switches the read/write senses of Table A (wrtaO) 
and Table B a cycle later (using the advjfsjine pulse). The reason for switching Table A a cycle early is 
to make sure the topjevel address via tagdotnum is pointing to the correct buffer. Keep in mind the 
top Jevel is working a cycle ahead of Table A and 2 cycles ahead of Table B. 

litfsValid is 1, the state machine waits until the advTagLine signal is received. When it is received, the 
state machine pulses advTFSLine (to switch read/write sense in tables A, B, C). and starts reading the next 
line of the TFS from currTFSAdr. 

If tfsValid is 0, the state machine pulses advTFSLine (to switch read/write sense in tables A, B, C) and then 
jumps to the tls_tfsvalid_set state where the signal tfsValid is set to 1 (allowing the tag encoder to start, or 
to continue if it had been stalled). The state machine can then start reading the next line of the TFS from 
currTFSAdr. 

tls_tfsvalid_next:- Simply sets the tfsvalid signal and returns the FSM to the diu_access state. 



If an advTagLine signal is received before the next line of the TFS has been read in, tfsValid is cleared to 0 
and processing continues as outlined above. 
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The TFS state flow diagram is shown in below.. 



top go g= 

^ idle 



too 00==i 



tfsvalfd = 1 Mf? 
too advfagfjrift j 



diu^access ^ 



^ tfsjoad ^ 



fead PlfR — Iff 



^ tls_update ^ 



read num = 3i 



^ tfs,next ^ 





tfs valid = Q 


1 





-^tls^tfsvalid^set^ 



26.8.3 



Figure 186. TFSJ FSM State Flow Diagram 
Generating a tag from Tables A, B and C 

2« ofr'a?^ 384 . 2 '';" °™ "**"«. slngl. li™ of a up .o the uo«imum 
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Each output dot value is generated as follows: Each entrv in TrMp a ™™;^o ^ <> w* , . 

These 2-bits are interpreted according to Table , Table an^Table * " ^ "* blt 1 



Table 134, Interpretation of bltO from entry in Table A 



the output brt comes directly from bit1 (see Table ). 



tL^^Lf^iT a dat \ brt ' m iS used in Unction with Tag Une 
Structure Table B to determine which data bit will be output 



Table 135. Interpretation of Mtl f rom entry In table A when bltO = 0 

output o ; £ " ^^^™S^^*&Sk5T. ;>:0^i 



tO I output 0 
1 } output 1 



Table 136 Interpretation of bltl from entry In table A when bftO = 1 



output data bit pointed to by current index Into Table B 



output data bit pointed to by current index into Table B, and advance index i 



To understand the interpretation of bitl when bitO - 1 we need to know what is in T a Ki- n t u. o 
wSlte riven Bv £ 25? 1? 5? ^ in a Hne ° f a 7116 ^ first data do^TS 

^™- 6 B Cntly 9 - bi,s J on 8 and each Po^ts to a specific variable or fixed data bit for thetae Each 
tag cental a naxmnm. of 120 fixed md 360 varJab|e datfl of 480 daL bite To^5 

£^£2* * addreMCS ™ b3Sed ° n Ae ^ ded ^ ^le listsle tnC^f £ 



7 a | b '. e 1 ? 7 .' ,nter P retatton of 9-blt tag data address In Table B 










Codewords 0, 1 , 2. 3, 4, 5 are variable data. 
Codewords 6, 7 are fixed data. I 
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Table 137. Interpretation of 9-blt tag data address In Table 




Select 1 of 4 bits from the selected symbols 

wards, for a total oS^s Snt sit ^/emam.ng redundancy symbols are stored after- 
written to symbols 7-14 symbols 0-6, and the redundancy symbols are 

ll^L^ When no ^""dancy encoding 



mi 






0-19 


0-4 




20-39 


0-4 


7 


40-59 


5-9 


6 


60-79 


5-9 


' 7 


80-99 


10-14 


6 


100-119 


10-14 


7 



start at the first dot inthe tag an Stial value t 'iSS ? ^ 8 »°? 3J5artlCular ,inc ^ «■ may not 
same line will always s^rtwi* T^TflJ^t T, ™ C \" Subsequent tags on the 

before the entire tag ^a^el rendl^h ft -T tag * 4,5 end of a ,ine ™ U dimply finish 

as the initial index into Table B TheTec^ «2 . k rendering odd rows of tags, entry 1 is used 

the tag, so can use anTnhStndeJof 0 ^ * rt 34 *» ,eft most dots P"*» within 
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26.8.4 Architecture 

A block diagram of the Tag Format Structure Interface can be seen in Figure 1 87. 

TFS Interface 



tagDotNum 



data In 



read Ad r 



control 



tfs Valid 



tapAltSense 



testDotlnTag 



advTagline 



a 



64 



17 



state 
machine 



1 



taRdAdr 



table A 
interface 



y '2 teEven > '2 taOdd 



table C 
interlace 



• tcwe 



'5 ^5 
ttwve i 



i I I 
i i_i 




->taOdd 



-►taEven 



.dotsFosValld 



^etdRdAdrO 



k etdRdAdr1 



Figure 187. TFS Block Diagram 
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26.8.4. 1 Table A interface 



S 8 ' Wwle one RAM , s read from for the current line's table A data (4 bits representing 2 contieu- 
ous table A entries), the other RAM is being written to with the next line's table A dau (64-2s at a S). 



advTFSLIne_ 
tawg_ 



taRdAdr 



4^ 



dataln 



AdrGen 



Table A 
Interface 




Hdr_ 



dataln 



table A (0) 



adr 



jtotafn 



16x64-bfts 
tableA(i) 



H_do«0_l eyeleteer 
Q_dotl_lcycleteer 
^S4 k 



2(btts1&0) taEven 
~r- ► 

2(blts3&a) taOdd 
7* ► 



Figure 188. Table A interface block diagram 

Sttl^ii'? ^I? imn8 ,te , TFS fr ° m ^ring Table A and Table B outputs 
hence this extra registering stage for the generation of ta_dotO_lcyclelater and ta_dotl_lcyclelater. 

^11°^ < tdvTFSLi " e J^^ " received, the sense of which RAM is being read from or written to 
changes This is accomplished by a 1-bit flag called wrtaO. Although the initial state of wrtaO is SeW 
^ T D ° f " P** A ~=r called ra^Jkeeps S 

t£Z£E5L A ™f mT" aftCr ^ ° f C3Ch ^ (spCcificd * ^ra,ne control in^t) 
The rowe (table A write enable) input is set whenever the data in is to be written to table A. The taWrAdr 
address counter automatically increments with each write to table A. Address generation for rle and 



taWrAdr is shown in Tabic 189. 



advTFSLine 



wrtaO 
(1 bit) 



Cable A 
address gen 



3L 



taWrAdr 
(4 bits) 



-> wrtaO 



taWrAdr 



Figure 189. Table A address generator 
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26.8.4.2 Table C interface 

A block diagram of the table C interface is shown below in Figure 190. 



taflAftSense 



advTFSUne 



dotPdsVfelid 




Figure 190. Table C interface block diagram 

The address generator for table C contains a 5 bit address register adr that is set to a new address at the 
stort ^Proc^ngthe tag (either of the two table C initial values based on tagAltSense at the sZtfZ 
Wd^ t£ll ? T° tags on the same line). Each cycle two addresses into table B are generated 
a\™ / TJill T"* ^ md M) ' M ShQVm inSection ,39 - *• output address tbLidrO is 
237 ^ "flf^ * ° ne ° fadr ™* * the end of the cycled takes on one of «£ 



Table 139. AdrOen lookup table 




00 



00 



01 



01 



01 



01 



10 



10 



10 



10 



11 



11 



11 



11 



10 



11 



00 



01 



10 

11 



00 
01 



10 



11 



00 



01 



10 



11 



adr 



adr 



adr 



adr 



X 

adr 
adr 



adr 



adr 



adr 



adr 



adr 



adr 



adr 



adr+1 



adr 



adr 



adr 



adr+1 



adr 



adr 



adr 



adr 



adr+1 



adr 



adr 



adr+1 



adr+1 



adr+1 



adr+1 



adr+1 



adr+2 
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1. X = don't care state. 



26.8.4.3 Table B interface 

The table B interface implementation generates two encoded tag data addresses (tfsi odrO, tfsi odrl) 
fT^'wT 0 B addreSS6S mdAdr0 ' tbRdA *0. A block diagram of table B can be slen in 



tbR dAdrOi 



4- 



ttRdAtfrli 



tbwe 



advTFSUne I 



(from TFS I 



data In 1 



pcfk 



64 



J9_ 



1 



tbwradr 



AdrGen 



tsbwe 



wrtbO 



288-brt 
(ableB 
temp reg 



s 3 Mt- 

/'9 



10 
7^ 



_Sy adrl , 



3D 



3^ 



data In, 



32 x 9-bits 
table subB (0) 



*y datatn j 



taWesubB (1) 



ho*. 



i_acW) 



.adrl 
— ► 



interface 



Figure 191. Table B interface block diagram 

Table B data is initially loaded into the 288-bit table B temporary register via the TFS FSM. Once all 288- 
bit entries have been loaded from DRAM, the data is written in 9-bit chunks to the 32*9 register arrays 
based on tbwradr. J 

Each timean AdvTFSLine pulse is received, the sense of which sub buffer is being read from or written to 
changes. This is accomplished by a 1 -bit flag called wrtbO. Although the initial state of wrtbO is irrelevant 
it must invert upon receipt of an AdvTFSUne pulse. 

Note:- The output addresses from Table B are registered. 
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27 Tag FIFO Unit (TFU) 

27.1 Overview 

IS ■SSP T'"? *" ""^ *l «"** <toa is Mnsfemd ihe Tag Encoder (TE) 

THe depth of the TFU FIFO is chosen as 16 bytes so that the FIFO can store a single 126 dot tag. 
27.1 .1 Interfaces between TE, TFU and HCU 



TE 



te_tfu_wdata 
to_tfu_wdata all 



tfu_te_oktow 
< 



te_tfu_wre<Jv ins 



TFU 



FIFO 





_tdata . 




.avail 

c ■ * 



HCU 



Figure 192. Interfaces between TE t TFU and HCU 



27.1.1.1 TE-TFU Interface 

The interface from the TE to the TFU comprises the following signals- 

• tejtfu_wdata t 8-bit write data. 

• tejrfujwdatavalid* write data valid. 

• te_tfu_wradvline t accompanies the last valid 8-bit write data in a line. 
The interface from the TFU to TE comprises the following signal- 

• tfu_te„oktowrite, indicating to the TE that there is space available in the TFU FIFO. 

The TE writes data to the TFU FIFO as long as the TFU's tfu_te_oktowrite output bit is set The TE write 
will not occur unless data is accompanied by a data valid signal. 

27.1.1.2 TFU-HCU Interface 

The interface from the TFU to the HCU comprises the following signals- 

• tfu_hcu_tdata, 1 -bit data. 

• tfujicu_avail, data valid signal indicating that there is data available in the TFU FIFO. 
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The interface from HCU to TFU comprises the following signal- 
• hcu_tfu_ready, indicating to the TFU to supply the next dot. 



27.1.1.2.1 X scaling 

To account for the case where there may be two <5nP*r h^«^o ^ 

line th* tW ,w i« * v ^ y aoPbC devices, each generating its own portion of a dot- 

S SSJ'Si^ ^ r 6 ^ ° f ° UtpUt Stradd ^ the r**. 

^correct number of dots into the tag and its output wffl be byte ^^ ^^7^ 
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27.2 Definitions of I/O 

Table 140. TFU Port Ust 



Clocks and Resets 



pdk 


1 


In 


SoPEC Functional clock. 


prst_n 


1 


In 


Global reset signal. 


PCU Interface data and control s 


ignals 


pcu_addr(3:2| 


2 


In 


PCU address bus. Only 2 bits are required to decode the 
address space for this block. 


pcu_dataoiit{31:0) 


32 


In 


Shared write data bus from th e PCU. j 


tfu_pcu_datain{3l:0J 


32 


Out 


Read data bus from the TFU to the PCU. 


pcu_rwn 


1 


In 


Common read/rtot-write signal from the PCU. 


pcu_tfu_sel 


1 


In 


Block select from the PCU. When pcu_tfu_sef is high both 
pcu_addran6 pcu_dataout are valid. 


tfu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When tfu_pcu_rdy is high it Indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataout has been registered by the block and 
for a read cycle this means the data on tfu _pcv datain is 
valid. 


Tt interface data and control signals " 


te_tfu_wdata[7.-0] 


8 


In 


Write data for TFU FIFO. 


te_tfu_wdatavafid 


1 


In 


Write data valid signal. 


to_tfu_wradvtine — — 


1 


In 


Advance line signal strobed when the last byte in a line Is I 
placed on te_tfu_wdata 


tfu_te_okto write 


1 


Out 


Ready signal indicating TFU has space available in it's FIFO 
and is ready to be written to. 


MCU Interface data and control signals ' " — 


hcu_tfu_advdot 


1 


In 


Signal Indicating to the TFU that the HCU is ready to accept 
th e next dot of data from TFU 


tfu_hcu_tdata " 


1 


Out 


Data from the TFU FIFO. 


tfu_hcu_avail 


1 


Out 


Signal indicating valid data available from TFU FIFO. 



27.3 



CONFIGURATION REGISTERS 

Table 141, TFU Configuration Registers 




Cont rol registers 
0x00 



Reset 



A write to this register causes a reset of 
the SFU. 

This register can be read to indicate the 
reset state: 

0 - reset in progress 

1 - reset not in progress. 
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UXU4 


Go 


1 


see 
text 


Writing 1 to this register starts the TFU. 
Writing 0 to this register halts the TFU. 
When Go is deasserted the state- 
machines go to their idle states but all 
counters and configuration registers keep 
their values. 

When Go is asserted all counters are 
reset, but configuration registers keep 
their values (i.e. they don't get reset). 
The TFU must be started before the TE is 
started. 

This register can be read to determine if 

the TFU is running 

(1 = running, 0 = stopped). 


*etup registers (constant during processing of page) 


0x08 


XScale 


6 




Tag scale Cactor in X direction. 


OxOC 


XFracScale 


8 




Tag scale factor in X direction for the first 
dot in a line 


0x10 


TEByteCount 


12 


0 


The number of bytes to be accepted from 
the TE per line. Once this number of bytes 
have been received subsequent bytes are 
ignored until there is a strobe on the 
te_tfu wracMine 


0x14 


HCUDotCount ] 


15 


0 


The number of (optionally) x-scaJed dots 
per line to be suppHed to the HCU. Once 
this number has been reached the remain- 
der of the current FIFO byte is ignored. 



27.4 Detailed description 



ffl IF ° ?.* SimPlC 1 6 " b ?^ St ° re Witfa read aad P° inters ' ■*> a cont «"* Figure 193. 16 bytes 
is sufficient to store a single 126 dot tag. ^ 

f™ h J™* 3 to ^ of T ^yteCount bytes is read into the FIFO. All subsequent bytes are ignored until there 
is a strobe on the fc_t/u_wnct^vlin€ signal, whereupon bytes for the next line are stored. 

™ II? "2 d ^!? ° f HCUDotCouM d ° te ™ Produced at the output. Once this count is reached any 

SE T ■ t Fl *Z hyt l C r Cnt,y bCing Pr0CeSSCd ignored For fast d <" i» *e next line the sJ 
of line scale factor, XFracScale, is used. 
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The behaviour of these signals and the control signals between the TFU and the TE and HCU is detailed 



FJfoWrPtr 



te_rfu_data 



Rib 



1 RdBit 



tfu_hcu_tdata 



- FHbRdPtr 

Figure 193. 16-byte FIFO in TFU 

// Concurrently Executed Code: 

V* ZS 1W 7* a t IOW ! d t0 Write When there ' 6 either <*> room or <b) no room and all 
// bytes for that line have been received 

" t£ t f ££ot!tVfl M " , ° R <PifOCntntS =" ™°««* — ByteToRx == o„ then 
else 

tfu_te_oktowrite = 0 

" SisrsrL2 s : h rr n : here is <a) **■ in fifo - nd <» ^ -» - - 

if (FifoCntnts !» 0> AND (BitToTx != 0)then 

tfu_hcu_avail « 1 
else 

tfu_hcu_avail « 0 

// Output mux of FIFO data 
t£u_hcu_tdata « Fifo [FifoRdPntJ {RdBit] 

// Sequentially Executed Code: 

i£ ^t^^^:: t ^ t r focntnts ! = > - <°— - •» «- 

FifoWrPnt 
FifoContents 
ByteToRx — 

if (te_tfu_wradvline « 1) then 
ByteToRx = TEByteCount 

if <hcu_tfu__advdot 1 and FifoCntnts • = 0) then { 
BitToTx ++ 

if (RepFrac == 1) then 
RepFrac « Xscale 
if (RdBit = 7) then 
RdBit = 0 
FifoRdPnt ++ 
FifoContents 
else 

RdBit**- 

else 

RepFrac - - 
if(BitToTx == 1) then ( 
RepFrac = XFracScale 
RdBit = 0 
FifoRdPnt ♦+ 
FifoContents-- 
BitToTx = HCUDot Count 
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Wat is not detailed above is the fact that, since this is a circular buffer, both the fife read and write-noint 

Z 2G? w t0 2cro er ? ey reach ^ not detailed 15 *• fact * tte^SS o? bS 

the read and wnte-pointer in the same cycle, the fifo contents counter remains unchanged 
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28 Halftoner Compositor Unit (HCU) 



28.1 Overview 



The Halftoner Compositor Unit (HCU) produces dots for each nozzle in the destination printhead taking 
account of the page dimensions (including margins). The spot data and tag data are received in bi-!evel 
fonn while the pixel contone data received from the CFU must be dithered to a bi-level representation. The 
resultant 6 bi-level planes for each dot position on the page are then remapped to 6 output planes and out- 
put dot at a time (6 bits) to the next stage in the printing pipeline, namely the dead nozzle compensator 



28.2 Data flow 



Figure 194 shows a simple dot data flow high level block diagram of the HCU. The HCU reads contone 
data from the CFU, bi-level spot data from the SFU, and bi-level tag data from the TFU. Dither matrices 
are read from the DRAM via the DIU. The calculated output dot (6 hits) is read by the DNC 



contone FIFO 
unit interface 



ORAM 
Interface unit 



-jafli 



data 



spot 
FIFO unit 
interface 



tag 
FIFO unit 
interface 



Halftoner / Compositor Unit 



dead 
nozzle 
compensator 



Figure 194. High level block diagram showing the HCU and its external interfaces 

The HCU is given the page dimensions (including margins), and is only started once for the page. It does 
not need to -be programmed in between bands or restarted for each band The HCU will stall appropriately 
if its input buffers are starved At the end of the page the HCU will continue to produce 0 for all dots as 
long as data is requested by the units further down the pipeline (this allows later units to conveniently flush 
pipelined data). 

The HCU performs a linear processing of dots calculating the 6-bit output of a dot in each cycle. The map- 
ping of 6 calculated bits to 6 output bits for each dot allows for such example mappings as compositing of 
the spotO layer over the appropriate contone layer (typically black), the merging of CMY into K (if K is 
present in the printhead), the splitting of K into CMY dots if there is no K in the printhead, and the gener- 
ation of a fixative output bitstream. 
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28.3 ORAM STORAGE REQUIREMENTS 

SoPEC allows for a number of different dither matrix configurations up to 256 bytes wide. The dither 
| matrix is stored in DRAM. Using either a single or double-buffer scheme a line of the dither matrix must 

be read in by the HCU over a SoPEC line time. SoPEC must produce 13824 dots per line for A4/Letter 
printing which takes 13824 cycles. 

The following give the storage and bandwidths requirements for some of the possible configurations of the 
dither matrix. 

• 4 Kbyte DRAM storage required for one 64x64 (preferred) byte dither matrix 

• 6.25 Kbyte DRAM storage required for one 80x80 byte dither matrix 

• 16 Kbyte DRAM storage required for four 64x64 byte dither matrices 

• 64 Kbyte DRAM storage required for one 256x256 byte dither matrix 

Note that regardless of the width of the dither matrix, 256 bytes are always read from DRAM for each line. 
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28.4 Implementation 

A block diagram of the HCU is given in Figure 195. 
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FIFO Unit 
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Halftoner / Compositor Unft 
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& 
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dotgen 
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dot reorg 
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1" 
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Figure 195. Block diagram of the HCU 
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28.4.1 Definition of I/O 



Table 142. HCU port list and description 





m 




Clocks and reset T ^ Ir r ^ rrrr 


pdk 


1 


In 


System clock. 


prst_n 


1 


In 


System reset, synchronous active low. 


PCU Interface 


pcu_hcu_sel 


1 


in 


Block select from the PCU. When pcu_hcu_sel is high both 
pcu.arfrand pcu_dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu__adrT7:2] 


6 


In 


PCU address bus. Only 8 bits are required to decode the 
address space for this block. 


pcu_dataout(31:0] 


32 


In 


Shared write data bus from the PCU. 


hcu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When hcu _jxxi_rdy\s high it indicates 
the last cycle of the access. For a write cycle this means 
pcu^dataout has been registered by the block and tor a read 
cycle this means the data on hcu jxu_data is valid. 


hcu_pcujdata(31 .0] 


32 


Out 


Read data bus to the PCU. | 


DIU Interface 


hcu_diu_rreq 


1 


Out 


HCU read request, active high. A read request must be accom- 
panied by a valid read address. 


diu_hcu_rack 


1 


In 


Acknowledge from DIU, active high. Indicates that a read 
request has been accepted and the new read address can be 
placed on the address bus, hcu_ diu_radr. 


hcu_diu_radrf21:5] 


17 


Out 


HCU read address. 17 bits wide (256-bit aligned word). 


diu_hcu_rvaJid 


1 


fn 


Read data valid, active high. Indicates that valid read data is 
now on the read data bus, diujdatsu 


diu_data(63:0] 


64 


In 


Read data from DIU. j 


CFU Interface 


cfu_hcu_avail 


1 


In 


Indicates valid data present on cfu_hcu_c(3-0]data lines. 


cfu_hcu_c0data[7:0] 


8 


In 


Pixel of data in con tone plane 0. 


cfu_hcu_c1 datap.-Oj 


8 


In 


Pixel of data in contone plane 1 . 


cfu_hcu_c2data[7:0] 


8 


In 


Pixel of data in contone plane 2. 


cfu_hcu_c3data[7:0] 


6 


In 


Pixel of data in contone plane 3. 


hcu_cfu_advdot 


1 


Out 


Informs the CFU that the HCU has captured the pixel data on 
cfu_hcu_c(3~0]data lines and the CFU can now place the next 
pixel on the data lines. 


SFU Interface 


sfu_hcu_avail 


1 


In 


Indicates valid data present on sfu_hcu__sdata. 


sfu_hcu_sdata 


1 


In 


BMeve! dot data. 


hcu_sfu_advdot 


1 


Out 


Informs the SFU that the HCU has captured the dot data on 
sfu_hcu_sdata and the SFU can now place the next dot on the 
data line. 


TFU Interface 


tfu_hcu_avafl | 


1 


In 


Indicates valid data present on tfu_hcu_tdata. 


tfu_hcu_tdata | 


1 


In 


Tag dot data. 
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Table 142. HCU port list and description 



tmrnmnsm 




UK 




hcu_tfu_advdot 


i 


Out 


Informs the TFU thai the HCU has captured the dot data on 
tfu_hcu_tdata and the TFU can now place the next dot on the 
data line. 


DNC interface 


dnc_hcu_ready 


i 


In 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc_avail 


i 


Out 


IncScates valid data present on hcu_dnc_data. \ 


| hcu_dnc_data[5:0] 


6 


Out 


Output bHevel dot data in 6 ink planes. 



28.4.2 Configuration Registers 



The configuration registers in the HCU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
HCU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
HCU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) ofhcujpcu_data. The configuration registers of the HCU are listed in Table 143. 

Table 143. HCU Registers 























Control registe 


rs ~* 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the HCU. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the HCU. Writing 0 to 
this register halts the HCU. 
When Go is asserted ail counters, flags etc. are 
cleared or given their initial value, but configuration 
registers keep their values. 

When Go is deasserted the state-machines go to their 
Idle states but all counters and configuration registers 
keep their values. 

The HCU should be started after the CPU, SFU. TFU 
and DNC. 

This register can be read to determine if the HCU is 
running 

(1 a running, 0 = stopped). 


Setup registers 


(constant for during processing) 


OxtO 


AvaiiMask 


4 


0x0 


Mask used to determine which of the dotgen units etc. 
are to be checked before a dot is generated by the 
HCU within the specified margins for the specified 
color plane. If the specified dotgen unit is stalled, then 
the HCU will also stall. 

See Table 144 tor bit allocation and definition. 


0x14 


TMMask 


4 


OxO 


Same as AvaiiMask, but used in the top margin area 
before the appropriate target page is reached. 


0x18 


PageMarginY 


32 


0x0000_ 
0000 


The first line considered to be off the page. 


0x1 C 


MaxDot 


16 


0x0000 


This is the maximum dot number - 1 present across a 
page. For example if a page contains 1 3824 dots, 
then MaxDot be 13823. 
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Table 143. HCU Registers 









iPf 




0x20 


TopMargjn 


32 


0x0000_ 
0000 


The first line on a page to be considered within the 
target page for contone and spot data. (0 = first 
printed line of page) 


0x24 


BottomMargtn 


32 


0x0000_ 
0000 


The first tine in the target bottom margin for contone 
and spot data (i.e. first tine after target page). 


0x28 


LeftMargin 


16 


0x0000 


The first dot on a line within the target page for con- 
tone and spot data. 


0x2C 


RightMargin 


16 


OxFFFF 


The first dot on a line within the target right margin for 
contone and spot data. 


0x30 


TagTopMargin 


32 


OrOOOO 

vAUVUU 

0000 


The first One on a page to be considered within the 
target page for tag data. (0 = first printed line of page) 


0x34 


Tun Rrtttrtir* fUta min 
lay Dviujf nrvuii yin 


32 


0x0000_ 
0000 


me nrst line in trie target bottom margin for tag data 
(i.e. first One after target page). 


0x38 


Tag LeftMargin 


16 


0x0000 


The first dot on a Une within the target page for tag 
data. 


0X3C 


TagRightMargin 


16 


OxFFFF 


The first dot on a line within the target right margin for 
tag data. 


0x40 


DMReadEnaWe 


1 


0x0 


1 if a dither matrix is specified 
0 if a dither matrix is not specified. 


0x44 


StartDMAdr 


17 


0x0_ 
0000 


Points to the first 256-bit word of the first line of the 
dither matrix in DRAM. 


0x46 


EndDMAdr 


17 


OxO_ 
0000 


Points to the last 256-bH word of the last fine of the 
dither matrix in DRAM. 


0x4C 




5 


0x2 


i no nurruwr 01 ^oo-ou wrub in UnMM irorn uie smri 

of one line of the dither matrix and the start of the next 
line, i.e. the value by which the DRAM address is j 
incremented at the start of a line so that it points to the 
start of the next line of the dither matrix. 


0x50 


DMInttlndexCO 


8 


0x00 


Initial index within 256-byte dither matrix fine buffer for 
contone plane 0. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x54 


DMLwrindexCO 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 0. If using double-buffer scheme, 
only the 7 Isbs are used. j 


0x58 


DMUprlndexCO 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 0. After reading the data at this 
location the index wraps to DMLwrindexCO. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x5C 


DMInitlndexCI 


8 


0x00 


Initial index within 256-byte dither matrix line buffer for 
contone plane 1 . If using double-buffer scheme, only 
the 7 Isbs are used. 


0x60 


DMLwrlndexCI 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 1 . If using double-buffer scheme, 
onfy the 7 Isbs are used. 


0x64 


DMUprindexCl 


8 


0x3 F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 1 . After reading the data at this 
location the index wraps to DMLwrlndexCI. If using 
double-buffer scheme, only the 7 Isbs are used. 
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Table 143. HCU Registers 



RIPE 


M 


w 


PIP 

mm 




0x68 


DM!nmndexC2 


8 


0x00 


InitiaJ index within 256-byte drther matrix line buffer for 
contone plane 2. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x6C 


DMLwrlndexC2 


8 


0x00 


Lower index within 256-byte dither matrix fine buffer 
for contone plane 2. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x70 


DMUprindexC2 


8 


0x3F 


Upper index within 256-byte dither matrix line buffer 
for contone plane 2. After reading the data at this 
location the Index wraps to DMLwrindexC2. If using 
doubte-buffer scheme, only the 7 Isbs are used. 


0x74 


DMInltlndexC3 


8 


0x00 


Initial index within 256-byte drther matrix line buffer for 
contone plane 3. If using double-buffer scheme, only 
the 7 Isbs are used. 


0x78 . 


DMLwr!ndexC3 


8 


0x00 


Lower index within 256-byte dither matrix line buffer 
for contone plane 3. If using double-buffer scheme, 
only the 7 Isbs are used. 


0x7C 


DMUpr!ndexC3 


6 


0x3F 


Upper index wfthin 256-byte dither matrix line buffer 
for contone plane 3. After reading the data at this 
location the index wraps to DMLwrindexC3. If using 
double-buffer scheme, only the 7 Isbs are used. 


0x80 


DoubleLineBuf 


1 


0x1 


Selects the dither tine buffer mode to be single or dou- 
ble buffer. 


0x84 to 0x98 


(OMappingLo 


6x32 


0x0000_ 
0000 


The dot reorg mapping for output inks 0 to 5. For each 
ink's 64-bit lOMapping value, (OMappingLo repre- 
sents th e low order 32 bits. 


0x9C to OxBO 


lOMappingHi 


6x32 


0x0000_ 
0000 


The dot reora mapping for outrxjt inks otos Fnr parh 
ink's 64-bit lOMapping value, lOMappingHi represents 
the high order 32 bits. 


0xB4 toOxCO 


cpConstant 


4x8 


0x00 


The constant contone value to output for contone 
plane N when printing in the margin areas of the page. 
This value will typically be 0. 


0xC4 


sConstant 


1 


0x0 


The constant bMevel value to output for spot when 
printing in the margin areas of the page. This value 
•will typically be 0. 


0xC8 


tConstant 


1 


0x0 


The constant bHevet value to output for tag data when 
printing In the margin areas of the page. This value 
will typically be 0. 


OxCC 


DitherConstant 


8 


OxFF 


The constant value to use for dither matrix when the 
dither matrix is not available, i.e. when the signal 
dm_avaii is 0. This value win typically be OxFF so that 
cpConstant can easily be 0x00 or OxFF without requir- 
ing a dither matrix (DitherConstant is primarily used 
for threshold dithering in the margin areas). 


Debug registers (read onJy) 
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Table 143. HCU Registers 









OxDO 


HcuPortsDebug 


14 


N/A 


Bit 13 = tfu_hcu^avail 
Bit 1 2 = hcu_tfuZadvdot 
Bit 11 = sfu_hcu_avafl 
Bit 10 = hcu_sfu__advdot 
Bit 9 = cfu_hcu_avail 
Bit 8 = hcu_cfu_advdot 
Bit 7 = dnc_hcu_ready 
Bit 6 = hcu_dnc_avaU 
Bits 5-0 = hcu_dnc_data 


OxD4 


HcuDotgenOebug 


15 


N/A 


Bit 14 = after_top_margin 
Bit 13 = in_tag_target_page 
Bit 12 = in_target_page 
Bit 11 = $>_ava// 
Btt10«s_avad 
Bit 9 = cp_avail 
Bit 6 s dm_ava.il 
Bit 7 = advdot 

Bits 5-0 = [tp,s,cp3,cp2,cp1 ,cpO\ 

(i.e. 6 bit input to dot reorg units) 


OxOd 


HcuDitherOebugl 


17 


N/A 


Bit 9 = advdot 

Bit 6 s dm_avail 

Bit 1 5-8 = cp 1_dither_vaf 

Bits 7-0 = cpO_d/ther__vaJ 


OxDC 


HcuDither08bug2 


17 


N/A 


Bit 9- advdot 

Bit 8 = dm^avail 

Bit 1 5-8 « cp3_dither_vaJ 

Bits 7-0 = cp2jdither_va\\ 



28.4.3 Control unit 

The control unit is responsible for controlling the overall flow of the HCU. It is responsible for determin- 
ing whether or not a dot will be generated in a given cycle, and what dot will actually be generated - 
including whether or not the dot is in a margin area, and what dither cell values should be used at the spe- 
| cific dot location. A block diagram of the control unit is shown in Figure 196. 

The inputs to the control unit are a number of avail flags specifying whether or not a given dotgen unit is 
capable of supplying 'real' data in this cycle. The term 'real* refers to data generated from external 
sources, such as contone line buffers, bi-level line buffers, and tag plane buffers. Each dotgen unit informs 
the control unit whether or not a dot can be generated this cycle from real data. It must also check that the 
DNC is ready to receive data. 

The contone/spot margin unit is responsible for determining whether the current dot coordinate is within 
the target contone/spot margins, and the tag margin unit is responsible for determining whether the current 
dot coordinate is within the target tag margins. 

The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit 
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in_page 
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a 

J 

s 
I 



3 
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5- 
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interface 
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8 / 8 



> hcu_dnc_avaU 
— dnc_ncu_ready 



> advdot 
— max_dot 



hcu_diu_neq 
— diu_hcu_rack 



► hcu_diu__radr 

c7u_hcu_rvalid 

diu.data 
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Eij J I ! I 



t i i i 



Figure 196. Block diagram of the control unit 



28.4.3.1 Determine AdvDot 



The HCU does not always require contone planes, bi-level or tag planes in order to produce a page. For 
example, a given page may not have a bi-level layer, or a tag layer. In addition, the contone and bi-level 
parts of a page are only required within the contone and bi-levei page margins, and the tag part of a page is 
only required within the tag page margins. Thus output dots can be generated without contone, bi-level or 
tag data before the respective top margins of a page has been reached, and Os are generated for all color 
planes after the end of the page has been reached (to allow later stages of the printing pipeline to flush). 

Consequently the HCU has an AvailMask register that determines which of the various input avail flags 
should be taken notice of during the production of a page from the first line of the target page, and a 
TMMask register that has the same behaviour, but is used in the lines before the target page has been 
reached (i.e. inside the target top margin area). Each bit in the AvailMask refers to a particular avail bit: if 
the bit in the AvailMask register is set, then the corresponding avail bit must be I for the HCU to advance 
a dot. The bit to avail correspondence is shown in Table 1 44. Care should be taken with TMMask - if the 
particular data is not available after the top margin has been reached, then the HCU will stall. Note that the 
avail bits for contone and spot colors are ANDed with injtarget _j?age after the target page area has been 
reached to allow dot production in the contone/spot margin areas without needing any data in the CFU and 
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SFU. The avail bit for tag color is ANDed with injtagjcarget jpage after the target tag page area has been 
reached to allow dot production in the tag margin areas without needing any data in the TFU. 



Table 144. Correspondence between bit In AvailMask and aval! flag 









0 


dm^avall 


dither matrix data available 


1 


cp_avall 


contone pixels available 


2 


s__avail 


spot color available 


3 


tp_avail 


tag plane available 



Each of the input avail bits is processed with its appropriate mask bit and the after _top_margin flag. The 
output bits are ANDed together along with Go and ok_to_write (which specifies whether the output buffer 
is ready to receive a dot in this cycle) to form the output bit advdot. We also generate wr_advdot. In this 
way, if the output buffer is full or any of the specified avail flags is clear, the HCU will stall. When the end 
of the page is reached, in-page will be deasserted and the HCU will continue to produce 0 for all dots as 
| long as the DNC requests data. A block diagram of the determine advdot unit is shown in Figure 197. 

The ok_to_read signal from the output buffer indicates that the HCU has a dot available for the DNC to 
read (indicated to the DNC by the assertion of hcujdnc_avail). If the DNC is ready to receive the dot 
(dncjicu_ready is 1) then the dot is read from the output buffer by asserting rd_advdot. 
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ii\_target_page 

&n_mask(0] 
avair_mask(0] 
dmAvaB 

after_top_margln 

tm_maskji] 
avaiLmaskfl] 
IfUtargeLpage 
cp_avail 

8_avali 

tm_maskJ2] 
avaiLmask(2] 

aftar_tag_top_ margin 

tm_masKf3j 

ava«_maskf3] 
In_ta0_targetj»8e 
(p_ava9 
oK_to_write 
in_page 



Go 

ok_to_read 
dnc_hcu_/eady 




>> advdot 



wr_advdot 



hcu_dnc_avaii 
>■ rd_edvdot 



Figure 197. Block diagram of determine advdot unit 



28.4.3.2 Position unit 



The position unit is responsible for outputting the position of the current dot (curr _pos, currjine) and 
whether or not this dot is the last dot of a line (advline). Both curr j>os and currjine are set to 0 at reset or 
when Go transitions from 0 to 1. The position unit relies on the advdot input signal to advance through the 
dots on a page. Whenever an advdot pulse is received, curr _pos gets incremented. If curr j>os equals 
max_dot then an advline pulse is generated as this is the last dot in a line, currjine gets incremented, and 
the curr_pos is reset to 0 to start counting the dots for the next line. 



28.4.3.3 Margin unit 



The responsibility of the margin unit is to determine whether the specific dot coordinate is within the page 
at all, within the target page or in a margin area (see Figure 1 98). This unit is instantiated for both the con- 
tone/spot margin unit and the tag margin unit. 
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J3 



target top margin 



target bottom margin 



~~ target page 

• printable page area 
(physical page) 



Figure 198. Pago structure 



The margin unit takes the current dot and line position, and returns three flags. 

• the first, in-page is I if the current dot is within the page, and 0 if it is outside the page. 

• the second flag, injtarget_page t is 1 if the dot coordinate is within the target page area of the page, and 
0 if it is within the target top/lefVbottom/right margins. 

• the third flag, after_top_margin, is 1 if the current dot is below the target top margin, and 0 if it is 
within the target top margin. 

A block diagram of the margin unit is shown in Figure 199. 



top_margin 



bottom_margin 



page_margin_y- 



currjine 



curr_pos 




right^margin 



left_margln 



ln_page ln_target_page after_top_margin 
Figure 199. Block diagram of margin unit 
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28.4.3.4 Dither matrix tabie interface 

The dither matrix table interface provides the interface to DRAM for the generation of dither cell values 
that are used in the halftoning process in the contone dotgen unit. The control flag dm_reod_enable 
enables the reading of the dither matrix table line structure from DRAM. If dm_read_enable is 0, the 
dither matrix is not specified in DRAM and no DRAM accesses are attempted. The dither matrix table 
interface has an output flag dm_avail which specifies if the current line of the specified matrix is available. 
The HCU can be directed to stall when dmjavail is 0 by setting the appropriate bit in the HClTs Avail- 
Mask or TMMask registers. When dmjuvail is 0 the value in the DitherConstant register is used as the 
dither cell values that are output to the contone dotgen unit. 

The dither matrix table interface consists of a state machine that interfaces to the DRAM interface, a dither 
matrix buffer that provides dither matrix values, and a unit to generate the addresses for reading the buffer. 
Figure 200 shows a block diagram of the dither matrix table interface. 



advttne 

advdot 
dmJniUndex w c[0-3) 
dm_fwr_lndex_c{0-3] 

OcubteUneBuf 




dnrwead_enabte 



dfther_ooftstant 



cpC_dlther_val cp1_<Cther_val cp2_<tther_val cp3_dlther_val 



Figure 200. Block diagram of dither matrix table interface 

28.4.3.4.1 Dither matrix buffer 

The state machine loads dither matrix table data a line at a time from DRAM and stores it in a buffer. A 
single line of the dither matrix is either 256 or 128 8-bit entries, depending on the programmable bit Dou- 
bleLineBuf. If this bit is enabled, a double-buffer mechanism is employed such that while one buffer is 
read from for the current line's dither matrix data (8 bits representing a single dither matrix entry), the 
other buffer is being written to with the next line's dither matrix data (64-bits at a time). Alternatively, the 
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single buffer scheme can be used, where the data must be loaded at the end of the line, thus incurring a 
delay. 

The single/double buffer is implemented using a 256 byte 3-port register array, two reads, one write port, 
with the reads clocked at double the system clock rate (320MHz) allowing 4 reads per clock cycle. 

The dither matrix buffer unit also provides the mechanism for keeping track of the current read and write 
buffers, and providing the mechanism such that a buffer cannot be read from until it has been written to. In 
this case, each buffer is a line of the dither matrix, i.e. 256 or 128 bytes. 

A bit is kept for the status of each dither matrix line buffer: buff_avail[0] and buff_avail[l]. It also keeps a 
single bit (rdjbujf) for the current buffer that reads are to occur from, and a single bit (wrjbuff) for the cur- 
rent buffer that writes are to occur to. The output value dm_avail equals buff_avail[rdjbuff]. The output 
value ok_toj#rite equals buff_avail[wrjmffj. Note that when using a single line buffer, buff__availfl] is 
not used. 

The read addresses are byte aligned. A single dither matrix entry is represented by 8 bits and an entry is 
read for each of the four contone planes in parallel. When a advline pulse is received, buffjavail[rdjmff] 
is cleared, and rdjjuffhs inverted (if using a double line buffer). 

Data is written, 64 bits at a time to the current write buffer when diu_hcu_rvalid is asserted When WrAdr 
is 0x1 F and diu_hcu_rvalid is 1, buff_avaU [wrjbuff] is set, and wrjbuff is inverted (if using a double line 
buffer). This indicates that a line of dither matrix has been written to the current write buffer and it is now 
available to be read 

28.4.3.4.2 Read address generator 

For each contone plane there is a initial, lower and upper index to be used when reading dither cell values 
from the dither matrix double buffer. The read address for each plane is used to select a byte from the cur- 
rent 256-byte read buffer. When Co gets set (0 to 1 transition), or at the end of a line, the read addresses 
are set to their corresponding initial index. Otherwise, the read address generator relies on advdot to 
advance the addresses within the inclusive range specified the lower and upper indices, represented by the 
following pseudocode: 

if {advdot 1) then 

if (advline *== 1) then 

rd_adr » dro_init_index 
els if (rd_*dr == dn\_upr_inde3c) then 

rd^adr = dm_lwr_index 
else 

rd_adr 

else 

rd_adr = rd_adr 

28.4.3.4.3 State machine 

The dither matrix is read from DRAM in single 256-bit accesses, receiving the data from the DnJ over 4 
clock cycles (64-bits per cycle).The protocol and timing for read accesses to DRAM is described in sec- 
tion 20.9.1 on page 208. Read accesses to DRAM are implemented by means of the state machine 
described in Figure 20 1 . 

All counters and flags should be cleared after reset or when Go transitions from 0 to 1 . While the Co bit is 
1 , the state machine relies on the dm_read_enable bit to tell it whether to attempt to read dither matrix data 
from DRAM. When dm_read_enable is clear, the state machine does nothing and remains in the idle state. 
When dm_read_enable is set, the state machine continues to load dither matrix data, 256-bits at a time 
(received over 4 clock cycles, 64 bits per cycle), while there is space available in the dither matrix buffer. 
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The read address and linejitartjadr are initially set to start_dm_adr. The read address gets incremented 
after each read access. It takes 4 or 8 read accesses to load a line of dither matrix into the dither matrix 
buffer, depending on whether we're using a single or double buffer. A count is kept of the accesses to 
DRAM. When a read access completes and access jcount equals 3 or 7, a line of dither matrix has just 
been loaded from and the read address is updated to line jstart_adr plus linejncrement so it points to the 
start of the next line of dither matrix. (line_start_adr is also updated to this value). If the read address 
equals end_dm_adr then the next read address will be start _dm_adr 1 thus the read address wraps to point 
to the start of the area in DRAM where the dither matrix is stored. 

The write address for the dither matrix buffer is implemented by means of a modulo-32 counter that is ini- 
tially set to 0 and incremented when diujxcujrvalid is asserted. 
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Reset OR orst n««n 
hcu.dJu.rreq o 0 
hcu.dlu.radr a 0 
access.count -m 0 
wr_edr = 0 



QSLi 



hcu.dlu.rreq » 0 
hcu_dlu_radr « hcu_diu_radr 
access.count « access.count 
wr.adr e wr_edr 




hcu.dJu.rreq o 0 
hcu.diu_radr » start^dm_adr 
Une.start.adr = start_dm_adr 
access.courrt « 0 
wr_ adr = 0 



dhj hcu rvaltd CT 1 AMO 



scores cou nts 3/7 AND 
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hcu_diu_rreq « w 
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access.count a 0 
wr_adr ♦+ 
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c 



> 



ok to write «, 1 



hcu.dlu.rreq « 1 
hcu_dJu_radr = 0 
access.courrt = access.courrt 
w.adr = wr_adr 



ack 



c 



J 



dhi Hcu lack «° 1 

hcu_dJu_rreq ■ 0 
hcu.dlu.radr o hcu_dlu radr 
access^count = access.count 
wr_adr ■ wr.adr 



readl 



dlu hcu fvaKdx^ i AKtn 
access cou nt fa 3/7 ANr) 
hcu diu radr 1= and rim »rft 
hcu.diu.rreq s 0 
hcu.dlu.radr « hcu.dtu.radr + 1 
access.count 



C 



3 



diu hcu tvatld ^ i 
hcu_dlu_rreq «=■ 0 
hcu.oju.radr * hcu_dlu_radr 
access.count <= 
wr_adr ++ 



read2 



G 



3 



tfiu hcu rvaiid " 1 

ncu.diu.rreq « 0 
hcu.dfru.radr ■ hcu.diu.radr 
access.count « access count 
wr.adr ++ 



read3 



3 



diu hcu rvalki m i 
ncu.diu.rreq & 0 
hcu.dJu^radr « hcu.diu.radr 
access_couni « access.count 
wr_adr++ 



read4 J- 



diu hcu rvafl d g« 1 AND 

hcu diu ratfr = find dm ndi 

hcu.diu.fraq a o 
hcu.dlu.radr - start.dm.adr 
line_start_adr = start_dm_adr 
access.count ■ 0 
wr.adr ++ 



Figure 201. State machine to read dither matrix table 
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28.4.4 Contone dotgen unit 



The contone dotgen unit is responsible for producing a dot in up to 4 color planes per cycle. The contone 
dotgen unit also produces a cpjavail flag which specifies whether or not contone pixels are currently avail- 
able, and the output hcu_cju_advdot to request the CFU to provide the next contone pixel in up to 4 color 
planes. 

The block diagram for the contone dotgen unit is shown in Figure 202. 
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Rgure 202. Contone dotgen unit 

A dither unit provides the functionality for dithering a single contone plane. The contone image is only 
defined within the contone/spot margin area. As a result, if the input flag injtarget _page is 0, then a con- 
stant contone pixel value is used for the pixel instead of the contone plane. 

The resultant contone pixel is then halftoned. The dither value to be used in the halftoning process is pro- 
vided by the control data unit The halftoning process involves a comparison between a pixel value and its 
corresponding dither value. If the 8-bit contone value is greater than or equal to the 8-bit dither matrix 
value a 1 is output. If not, then a 0 is output This means each entry in the dither matrix is in the range 1 - 
255 (0 is not used). 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



29 Nov 2002 
"* Page 443 




SoPEC : Hardware Design 



28.4.5 Spot dotgen unit 

The spot dotgen unit is responsible for producing a dot of bi-level data per cycle. It deals with bi-level data 
(and therefore does not need to halftone) that comes from the LBD via the SFU. Like the contone layer, 
the bi-level spot layer is only defined within the contone/spot margin area. As a result, if input flag 
in_target_page is 0, then a constant dot value (typically this would be 0) is used for the output dot. 

The spot dotgen unit also produces a s_avail flag which specifies whether or not spot dots are currently 
available for this spot plane, and the output hcu_$fu_advdot to request the SFU to provide the next bi-level 
data value. The spot dotgen unit can be represented by the following pseudocode: 

s_ovail » sfu_hcu_avail 

if <in_target_j>age == 1 AND advdot == 1) then 

hcu__sfu_advdot = 1 
else 

hcu_sfu_ advdot = 0 

if ( in_target_page == 1) then 

sp = sfu_hcu_sdata 
else 

sp » sp_constant 

28.4.6 Tag dotgen unit 

This unit is very similar to the spot dotgen unit (see Section 28.4.5) in that it deals with bi-level data, in 
this case from the TE via the TFU. The tag layer is only defined within the tag margin area. As a result, if 
input flag \njtag_target_page is 0, then a constant dot value, tp_constant (typically this would be 0), is 
used for the output dot The tagplane dotgen unit also produces a tp_avail flag which specifies whether or 
not tag dots are currendy available for the tagplane, and the output hcujtfu_advdot to request the TFU to 
provide the next bi-level data value. 

Oot reorg unit 

The dot reorg unit provides a means of mapping the bi-level dithered data, the spotO color, and the tag data 
to output inks in the actual printhead Each dot reorg unit takes a set of 6 1 -bit inputs and produces a single 
bit output that represents the output dot for that color plane. 

The output bit is a logical combination of any or all of the input bits. This allows the spot color to be 
placed in any output color plane (including infrared for testing purposes), black to be merged into cyan, 
magenta and yellow (in the case of no black ink in the Memjet printhead), and tag dot data to be placed in 
a visible plane. An output for fixative can readily be generated by simply combining desired input bits. 

The dot reorg unit contains a 64-bit lookup to allow complete freedom with regards to mapping. Since all 
possible combinations of input bits are accounted for in the 64 bit lookup, a given dot reorg unit can take 
the mapping of other reorg units into account. For example, a black plane reorg unit may produce a 1 only 
if the contone plane 3 or spot color inputs are set (this effectively composites black bi-level over the con- 
tone). A fixative reorg unit may generate a 1 if any 2 of the output color planes is set (taking into account 
the mappings produced by the other reorg units). 

If dead nozzle replacement is to be used (see section 29.4.2 on page 448), the dot reorg can be pro- 
grammed to direct the dots of the specified color into the main plane, and 0 into the other. If a nozzle is 
then marked as dead in the DNC, swapping the bits between the planes will result in 0 in the dead nozzle, 
and the required data in the other plane. 

If dead nozzle replacement is to be used, and there are no tags, the TE can be programmed with the posi- 
tion of dead nozzles and the resultant pattern used to direct dots into the specified nozzle row. If only fixed 



28.4.7 
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background TFS is to be used, a limited number of nozzles can be replaced. If variable tag data is to be 
used to specify dead nozzles, then large numbers of dead nozzles can be readily compensated for. 

The dot reorg unit can be used to average out the nozzle usage when two rows of nozzles share the same 
ink and tag encoding is not being used The TE can be programmed to produce a regular pattern (e.g. 0101 
on one line, and 1010 on the next) and this pattern can be used as a directive as to direct dots into the spec- 
ified nozzle row. 

Each reorg unit contains a 64-bit IOMapping value programmable as two 32-bit HCU registers, and a set 
of selection logic based on the 6-bit dot input (2 6 = 64 bits), as shown in Figure 203. 

. r — — —— — — — — — — — — - 

Input dot 




Figure 203. Block diagram of dot reorg unit 

The mapping of input bits to each of the 6 selection bits is as defined in Table 145. 
Table 145. Mapping of input bits to 6 selection bits 







WBffl 


0 


bi-level dot from contone layer 0 


cyan 


1 


bi-leveJ dot from contone layer 1 


magenta 


2 


bi-level dot from contone layer 2 


ye flow 


3 


bHeve! dot from contone layer 3 


black 


4 i 


bMevel spotO dot 


black 


5 


bi-level tag dot 


infra-red 
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29 Dead Nozzle Compensator (DNC) 

29.1 Overview 

The Dead Nozzle Compensator (DNC) is responsible for adjusting Memjet dot data to take account of 
non-functioning nozzles in the Memjet printhead. Input dot data is supplied from the HCU, and the cor- 
rected dot data is passed out to the DWU. The high level data path is shown by the block diagram in Figure 
204. 



ORAM 



Dead Nozzle 
Data 



HCU 


raw dot w 


DNC 


compensated^ 


OWU 


data * 


dot * 



Figure 204. High level block diagram of DNC 



The DNC compensates for a dead nozzles by performing the following operations: 

• Dead nozzle removal, i.e. turn the nozzle off 

• Ink replacement by direct substitution i.e. K -> K. 

• Ink replacement by indirect substitution i.e. K -> CMY 

• Error diffusion to adjacent nozzles 

• Fixative corrections 

The DNC is required to efficiently support up to 5% dead nozzles, under the expected DRAM bandwidth 
allocation, with no restriction on where dead nozzles are located and handle any fixative correction due to 
nozzle compensations. Performance must degrade gracefully after 5% dead nozzles. 

29.2 Dead nozzle identification 

Dead nozzles are identified by means of a position value and a mask value. Position information is repre- 
sented by a 10-bit delta encoded format, where the 10-bit value defines the number of dots between dead 
nozzle columns 1 . With the delta information it also reads the 6-bit dead nozzle mask (dn_mask) for the 
defined dead nozzle position. Each bit in the dn_mask corresponds to an ink plane. A set bit indicates that 
the nozzle for the corresponding ink plane is dead. The dead nozzle table format is shown in Figure 205. 
The DNC reads dead nozzle information from DRAM in single 256-bit accesses. A 10-bit delta encoding 
scheme is chosen so that each table entry is 16 bits wide, and 16 entries fit exactly in each 256-bit read. 
Using 10-bit delta encoding means that the maximum distance between dead nozzle columns is 1023 dots. 
It is possible that dead nozzles may be spaced further than 1 023 dots from each other, so a null dead nozzle 
identifier is required. A null dead nozzle identifier is defined as a 6-bit dn_mask of all zeros. These null 
dead nozzle identifiers should also be used so that: 

• the dead nozzle table is a multiple of 1 6 entries (so that it is aligned to the 256-bit DRAM locations) 



1. for a 10-bit delta value of d. if the current column n is a dead nozzle column then the next dead nozzle column is given by n + (d + 1). 
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• the dead nozzle table spans the complete length of the line, i.e. the first entry dead nozzle table should 
have a delta from the first nozzle column in a line and the last entry in the dead nozzle table should cor- 
respond to the last nozzle column in a line. 

Note that the DNC deals with the width of a page. This may or may not be the same as the width of the 
printhead (the PHI may introduce some margining to the page so that its dot output matches the width of 
the printhead). Care must be taken when programming the dead nozzle table so that dead nozzle positions 
are correctly specified with respect to the page and printhead 



16 bits wide 

Table Entry Structure 




10-fcit Detta Encode 6-bit On Mask 



Figure 205. Dead nozzle table format 



29.3 DRAM STORAGE AND BANDWIDTH REQUIREMENT 

The memory required is largely a factor of the number of dead nozzles present in the printhead (which in 
turn is a factor of the printhead size). The DNC is required to read a 1 6-bit entry from the dead nozzle table 
for every dead nozzle. Table 146 shows the DRAM storage and average 1 bandwidth requirements for the 
DNC for different percentages of dead nozzles and different page sizes. 

Table 146, Dead Nozzle storage and average bandwidth requirements 









; A .*■«>■■ a.. i: 






Memory 
(KBytes) 


Bandwidth 
(bits/cycle) 


A4 a 


5% 


1.4 C 


0.8* 


10% 


27 


1.6 


15% 


4.1 


2.4 


A3" 


5% 


1.9 


0.8 


10% 


3.6 


1.6 


15% 


5.7 


2.4 



a. Bi-lithic printhead has 13824 nozrles per color providing full bleed printing for A4/Letter 

b. Bt-Iithic printhead has 19488 nozzles per color providing full bleed printing for A3 



• ^^. g / u ban , dwidth a5Sumcs ***** spread of dead nozzles. Clumps of dead nozzles may cause delays due to insufficient available 
DRAM bandwidth. These delays will occur every line causing an accumulative delay over a page. 
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c. 16 bits x 13824 nozzles x 0.05 dead 

d. (16 bits read / 20 cycles) = 0.8 bits/cycle 

29.4 Nozzle compensation 

DNC receives 6 bits of dot information every cycle from the HCU, 1 bit per color plane. When the dot 
position corresponds to a dead nozzle column, the associated 6-bit dn_mask indicates which ink plane(s) 
contains a dead nozzle(s). The DNC first deletes dots destined for the dead nozzle. It then replaces those 
dead dots, either by placing the data destined for the dead nozzle into an adjacent ink plane (direct substi- 
tution) or into a number of ink planes (indirect substitution). After ink replacement, if a dead nozzle is 
made active again then the DNC performs error diffusion. Finally, following the dead nozzle compensa- 
tion mechanisms the fixative, if present, may need to be adjusted due to new nozzles being activated, or 
dead nozzles being removed. 

29.4.1 Dead nozzle removal 

If a nozzle is defined as dead, then the first action for the DNC is to turn off (zeroing) the dot data destined 
for that nozzle. This is done by a bit-wise ANDing of the inverse of the dn^mask with the dot value. 

29.4.2 Ink replacement 

Ink replacement is a mechanism where data destined for the dead nozzle is placed into an adjacent ink 
plane of the same color (direct substitution, i.e. K -> K^^^^, or placed into a number of ink planes, the 
combination of which produces the desired color (indirect substitution, i.e. K -> CMY). Ink replacement is 
performed by filtering out ink belonging to nozzles that are dead and then adding back in an appropriately 
calculated pattern. This two step process allows the optional re-inclusion of the ink data into the original 
dead nozzle position to be subsequently error diffused. In the general case, fixative data destined for a dead 
nozzle should not be left active intending it to be later diffused 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error diffusion is only allowed for the planes in which error diffusion is enabled. The output 
of the ink replacement logic is ORed with the resultant dot after dead nozzle removal. See Figure 210 on 
page 459 for implementation details. 

For example if we consider the printhead color configuration C,M,Y,K I ,K2,IR and the input dot data from 
the HCU is blOl 100. Assuming that the Kj ink plane and IR ink plane for this position are dead so the 
dead nozzle mask is bOOOlOl. The DNC first removes the dead nozzle by zeroing the K, plane to produce 
blOlOOO. Then the dead nozzle mask is ANDed with the dot data to give bOOOlOO which selects the ink 
replacement pattern for Kj (in this case the ink replacement pattern for K x is configured as bOOOOlO, Le. 
ink replacement into the K 2 plane). Providing error diffusion for YL 2 is enabled, the output from the ink 
replacement process is bOOOOlO. This is ORed with the output of dead nozzle removal to produce the 
resultant dot blO 10 10. As can be seen the dot data in the defective K x nozzle was removed and replaced by 
a dot in the adjacent K 2 nozzle in the same dot position, i.e. direct substitution. 

In the example above the KLj ink plane could be compensated for by indirect substitution, in which case ink 
replacement pattern for FC, would be configured as bl 1 1 000 (substitution into the CMY color planes), and 
this is ORed with the output of dead nozzle removal to produce the resultant dot bl 1 1000. Here the dot 
data in the defective K { ink plane was removed and placed into the CMY ink planes. 
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29.4.3 Error diffusion 

Based on the programming of the lookup table the dead nozzle may be left active after ink replacement. In 
such cases the DNC can compensate using error diffusion. Error diffusion is a mechanism where dead noz- 
zle dot data is diffused to adjacent dots. 

When a dot is active and its destined nozzle is dead, the DNC will attempt to place the data into an adja- 
cent dot position, if one is inactive. If both dots are inactive then the choice is arbitrary, and is determined 
by a pseudo random bit generator. If both neighbor dots are already active then the bit cannot be compen- 
sated by diffusion. 

Since the DNC needs to look at neighboring dots to determine where to place the new bit (if required), the 
DNC works on a set of 3 dots at a time. For any given set of 3 dots, the first dot received from the HCU is 
referred to as dot A, and the second as dot B, and the third as dot C. The relationship is shown in Figure 



n-1 



dot A 



dot B 



n+1 



dotC 



direction of dot movement 



Figure 206. Set of dots operated on for error diffusion 



For any given set of dots ABC, only B can be compensated for by error diffusion if B is defined as dead. A 
1 in dot B will be diffused into either dot A or dot C if possible. If there is already a 1 in dot A or dot C 
then a 1 in dot B cannot be diffused into that dot. 

The DNC must support adjacent dead nozzles. Thus if dot A is defined as dead and has previously been 
compensated for by error diffusion, then the dot data from dot B should not be diffused into dot A. Simi- 
larly, if dot C is defined as dead, then dot data from dot B should not be diffused into dot C. 

Error diffusion should not cross line boundaries. If dot B contains a dead nozzle and is the first dot in a line 
then dot A represents the last dot from the previous line. In this case an active bit on a dead nozzle of dot B 
should not be diffused into dot A. Similarly, if dot B contains a dead nozzle and is the last dot in a line then 
dot C represents the first dot of the next line. In this case an active bit on a dead nozzle of dot B should not 
be diffused into dot C. 

Thus, as a rule, a 1 in dot B cannot be diffused into dot A if 

• a 1 is already present in dot A, 

• dot A is defined as dead, 

• or dot A is the last dot in a line. 

Similarly, a 1 in dot B cannot be diffused into dot C if 

• a 1 is already present in dot C, 

• dot C is defined as dead, 

• or dot C is the first dot in a line. 

If B is defined to be dead and the dot value for B is 0, then no compensation needs to be done and dots A 
and C do not need to be changed. 

If B is defined to be dead and the dot value for B is 1, then B is changed to 0 and the DNC attempts to 
place the 1 from B into either A or C: 

• If the dot can be placed into both A and C, then the DNC must choose between them. The preference is 
given by the current output from the random bit generator, 0 for "prefer left" (dot A) or 1 for "prefer 
right" (dot C). 
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• If dot can be placed into only one of A and C, then the 1 from B is placed into that position. 

• If dot cannot be placed into either one of A or C, then the DNC cannot place the dot in either position. 
Table 147 shows the truth table for DNC error diffusion operation when dot B is defined as dead. 

Table 147. Error Diffusion Truth Table when dot B Is dead 
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a. Output from random bit generator. Determines direction of error diffusion (0 = left, 1 = right) 

b. Bold emphasis is used to show the DNC inserted a 1 

The random bit value used to arbitrarily select the direction of diffusion is generated by a 32-bit maximum 
length random bit generator. The generator generates a new bit for each dot in a line regardless of whether 
the dot is dead or not. The random bit generator can be initialized with a 32-bit programmable seed value. 

29.4.4 Fixative correction 

After the dead nozzle compensation methods have been applied to the dot data, the fixative, if present, may 
need to be adjusted due to new nozzles being activated, or dead nozzles being removed. For each output 
dot the DNC determines if fixative is required (using the FixativeRequiredMask register) for the new com- 
pensated dot data word and whether fixative is activated already for that dot. For the DNC to do so it needs 
to know the color plane that has fixative, this is specified by the FixativeMaskl configuration register 
Table 148 indicates the actions to take based on these calculations. 

Table 146. Truth table for fixative correction 



mam 




m 






1 


1 


Output dot as is. 


1 


0 


Clear fixative plane. 


0 


1 


Attempt to add fixative. 


0 


0 


Output dot as is. 



The DNC also allows the specification of another fixative plane, specified by the FixativeMask2 configura- 
tion register, with FixativeMaskl having the higher priority over FixativeMask2 . When attempting to add 
fixative the DNC first tries to add it into the planes defined by FixativeMaskl. However, if any of these 
planes is dead then it tries to add fixative by placing it into the planes defined by FixativeMask2. 
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Note that the fixative defined by FixativeMaskl and FixativeMask2 could possibly be multi-part fixative, 
i.e. 2 bits could be set in FixativeMaskl with the fixative being a combination of both inks. 



Doc: SoPECJwdware_design 
Version: 2.3 



— 

S3 Proprietary Document 



29 Nov 2002 
Page 451 



SoPEC : Hardware Design 



29.5 Implementation 

A block diagram of the DNC is shown in Figure 207. 
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Figure 207. Block diagram of DNC 
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29.5.1 Definitions of I/O 



Table 149. DNC port Ust and description 









Clocks and Resets 


pclk 


1 


In 


System Clock- 


prst_n 


1 


In 


System reset synchronous active tow. 


PCU interface 


pcu_dnc_sel 


1 


In 


Block select from the PCU. When pcu^dnc^sej \$ high both 
pcu^adr and pcu_dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr(6:2] 


5 


In 


PCU address bus. Only 5 bits are required to decode the 
address space for this block. 


pcu.dataou tj 3 1 .*0J 


32 


In 


Shared write data bus from the PCU. 


dnc_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dnc_pcu_jcdy is high It indi- 
cates the last cycle of the access. For a write cycle this 
means pcu_dataoutha3 been registered by the block and for 
a read cycle this means the data on dnc_pcu_data Is valid. 


dnc_pcu_data[31 ;0] 


32 


Out 


Read data bus to the PCU. 


DIU Interface 


dnc_diu_rreq 


1 


Out 


DNC unit requests DRAM read. A read request must be 
accompanied by a valid read address. 


dnc_diu__radr[21 :5] 


17 


Out 


Read address to DIU. 256-bit word aligned. 


diu_dnc_rack 


1 


In 


Acknowledge from DIU that read request has been accepted 
and new read address can be placed on dnc_diu_radr 


diu_dnc__rvaUd 


1 


In 


Read data valid, active high. Indicates that valid read data Is 
now on the read data bus. diu_data. 


diu_data(63:0] 


64 


In 


Read data from DIU. 


HCU Interface 


dnc_hcu_ready 


1 


Out 


Indicates that DNC is ready to accept data from the HCU. 


hcu_dnc_avall 


1 


In 


Indicates vaOd data present on hcv_dnc_data~ 


hcu_dnc_data[5:0] 


6 


In 


Output bl-level dot data in 6 ink planes. 


DWU Interface 


dwu_dnc_ready 


1 


In 


Indicates that DWU is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


Out 


Indicates valid data present on dnc_dwu_data. 


dnc_dwu_data[5 O] 


6 


Out 


Output bMevei dot data in 6 ink planes. 



29.5.2 Configuration registers 

The configuration registers in the DNC are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for the description of the protocol and timing diagrams for reading and writing registers in the 
DNC. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
DNC. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of dnc_pcujdota. Table 150 lists the configuration registers in the DNC. 
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Table 150. DNC configuration registers 



ii&jiiii 


















Control registers 


0x00 


Reset 


1 


0x1 


A write to this register causes a reset of the 
DNC. 


0x04 


Go 


1 


0x0 


Writing 1 to this register starts the DNC. Writing 
0 to this register halts the DNC. 
When Go Is asserted all counters, flags etc. are 
cleared or given their initial value, but configura- 
tion registers keep their values. 
When Go is deasserted the state-machines go 
to their idle states but ail counters and configu- 
ration registers keep their values. 
This register can be read to determine If the 
DNC is running 
(1 = running. 0 = stopped). 


Setup registers (constant during processing) 


0x10 


MaxDot 


16 


0x0000 


This is the maximum dot number - 1 present 
across a page. For example if a page contains 
13824 dots, then MaxDot will be 13823. 
Note that this number may or may not be the 
same as the number of dots across the print- 
head as some margining may be introduced in 
the PHI. 


0x14 


LSFR 


32 


0x0000_ 
0000 


The current value of the LFSR register used as 
the 32-bit maximum length random bit genera- 
tor. 

Users can write to this register to program a 
seed value for the 32-bit maximum length ran- 
dom bit generator. Must not be all 1s for taps 
implemented in XNOR form. (It is expected that 
writing a seed value will not occur during the 
operation of the LFSR). 

This LSFR value could also have a possible use 
as a random source in program code. 


0x20 


RxatrveMaskt 


6 


oxoo j 


Defines the higher priority fixative plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. For each bit 

1 = the ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x24 


Fixative Ma sk2 


6 


0x00 


Defines the lower priority fixative plane(s). Bit 0 

represents the settings for plane 0, bit 1 for 

plane 1 etc. Used only when FlxativeMaskl 

planes are dead. For each bit 

1 a the ink plane contains fixative. 

0 = the ink plane does not contain fixative. 


0x28 


RxativeRequiredMask 


6 


0x00 


Identifies the ink planes that require fixative. Bit 

0 represents the settings for plane 0. bit 1 for 
plane 1 etc. For each bit: 

1 = the ink plane requires fixative. 

0 = the ink plane does not require fixative (e.g. 
ink is self-fixing) 
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Table 150. DNC configuration registers 



m 








Start address of Dead Nozzle Table in DRAM, j 
specified in 256-bit words. 




L/ii lauiecnaAur 


17 


OxO_0000 


End address of Dead Nozzle Table in DRAM, 
specified in 256-bit words, i.e. the location con- 
taining the last entry in the Dead Nozzle Table. 
The Dead Nozzle Table should be aligned to a 
256-bit boundary, If necessary H can be padded 
with null entries. 


0x40 - 0x54 


PlaneReptacePat- 
ternJ5:0] 


6x6 


0x00 


Defines the ink replacement pattern for each of 
the 6 ink planes. PtaneReptacePattern(0]\$ the 
Ink replacement pattern for plane 0, PlaneRe- 
placePattemf 1] is the Ink replacement pattern 
for plane 1, etc. 

For each 6 -bit replacement pattern for a plane, 
a 1 in any bit positions indicates the alternative 
ink planes to be used for this plane. 


0x58 


Diffuse Enable 


6 


0x3F 


Defines whether, after ink replacement, error 
diffusion is allowed to be performed on each 
plane. 

BitO represents the settings for plane 0, bit 1 for 
plane 1 etc. For each bit 
1 «= error diffusion is enabled 
0 e error diffusion Is disabled 


Debug registers (read only) 


0x60 


DncOutputDebug 


6 


N/A 


Bit 7 = dwu_dnc_raady 
Bit 6 o dfKucfwu^avaif 
Bits 5-0 = dnc__dwu_data 


0x64 


DncReptace Debug 


14 


N/A 


Bit 13= edu_raady 
BH 12= /n/_ava/7 
Bits 11-6 = lnj__dn_mask 
Bits 5-0 o irvjdata 


0x68 


DncDiffuseDebug 


14 


N/A 


Bit 13 = dwujdncjready 
Bit 12= dnc_dwu_avaii 

Bits 11-6 = edu_dn_mask \ 
Bits 5-0 = edujdata \ 
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29.5.3 Ink replacement unit 

Figure 208 shows a sub-block diagram for the ink replacement unit. 
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Figure 208. Sub-block diagram of ink replacement unrt 



29.5.3. f Control unit 



The control unit is responsible for reading the dead nozzle table from DRAM and making it available to 
the DNC via the dead nozzle FIFO. The dead nozzle table is read from DRAM in single 256-bit accesses, 
receiving the data from the DIU over 4 clock cycles (64-bits per cycle). The protocol and timing for read 
accesses to DRAM is described in section 20.9.1 on page 208. Reading from DRAM is implemented by 
means of the state machine shown in Figure 209. 

All counters and flags should be cleared after reset. When Go transitions from 0 to 1 all counters and flags 
should take their initial value. While the Go bit is 1 , the state machine requests a read access from the dead 
nozzle table in DRAM provided there is enough space in its FIFO. 

A modulo-4 counter, rd_count, is used to count each of the 64-bits received in a 256-bit read access. It is 
incremented whenever diujinc_rvalid is asserted. When Go is 1, dnjtable_radr is set to 
dn_table_jtart_adr. As each 64-bit value is returned, indicated by diu_dnc_rvalid being asserted, 
dn_table_radr is compared to dn_tablejend_adr. 

• If rd_count equals 3 and dnjtable_radr equals dn_table_end_adr t then dnjable_radr is updated to 
dnjtable _$tart_adr. 

• If rd_count equals 3 and dn_table_radr does not equal dn_table_end_adr, then dn_jable_radr is incre- 
mented by 1. 

A count is kept of the number of 64-bit values in the FIFO. When diu_dnc_rvalid is 1 data is written to the 
FIFO by asserting wr_en t and fifojcontents andfifo_wr_adr are both incremented. 
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When fifo_contents[3:0] is greater than 0 and edu_ready is 1, dncjxcujready is asserted to indicate that 
the DNC is ready to accept dots from the HCU. If hcu_dnc_avail is also 1 then a dotadv pulse is sent to the 
GenMask unit, indicating the DNC has accepted a dot from the HCU, and irujzvaU is also asserted. After 
Co is set, a single preload pulse is sent to the GenMask unit once the FIFO contains data. 

When a rd_adv pulse is received from the GenMask unit, fifo_rd_adr[4:0] is then incremented to select 
the next 16-bit value. If fifo_rd_adr[ 1:0] = 1 1 then the next 64-bit value is read from the FIFO by asserting 
rd^_en, and fifo_contents[3:0] is decremented 
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Figure 209. Dead nozzle table state machine 



29.5.3.2 Dead nozzle FIFO 

The dead nozzle FIFO conceptually is a 64-bit input, and 16-bit output FIFO to account for the 64-bit data 
transfers from the DIU, and the individual 16-bit entries in the dead nozzle table that are used in the Gen- 
Mask unit In reality, the FIFO is actually 8 entries deep and 64-bits wide (to accommodate two 256-bit 
accesses). 

On the DRAM side of the FIFO the write address is 64-bit aligned while on the GenMask side the read 
address is 1 6-bit aligned, i.e. the upper 3 bits are input as the read address for the FIFO and the lower 2 bits 
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are used to select 16 bits from the 64 bits (1st 16 bits read corresponds to bits 1 5-0, second 16 bits to bits 
31-16 etc.). 

29.5.3.3 GenMask unit 

The GenMask unit generates the 6-bit dnjnask that is sent to the replace unit. It consists of a 10-bit delta 
counter and a mask register. 

After Go is set, the GenMask unit will receive a preload pulse from the control unit indicating the first 
dead nozzle table entry is available at the output of the dead nozzle FIFO and should be loaded into the 
delta counter and mask register. A rd_adv pulse is generated so that the next dead nozzle table entry is pre- 
sented at the output of the dead nozzle FIFO. The delta counter is decremented every time a dotadv pulse 
is received. When the delta counter reaches 0, it gets loaded with the current delta value output from the 
dead nozzle FIFO, i.e. bits 15-6, and the mask register gets loaded with mask output from the dead nozzle 
FIFO, i.e. bits 5-0. A rdjadv pulse is then generated so that the next dead nozzle table entry is presented at 
the output of the dead nozzle FIFO. 

When the delta counter is 0 the value in the mask register is output as the dn_mask J otherwise the dn_mask 
is all 0s. 

The GenMask unit has no knowledge of the number of dots in a line, it simply loads a counter to count the 
delta from one dead nozzle column to the next. Thus as described in section 29.2 on page 446 the dead 
nozzle table should include null identifiers if necessary so that the dead nozzle table covers the first and 
last nozzle column in a line. 

29.5.3.4 Replace unit 

Dead nozzle removal and ink replacement are implemented by the combinatorial logic shown in Figure 
210. Dead nozzle removal is performed by bit-wise ANDing of the inverse of the dn_mosk with the dot 
value. 

The ink replacement mechanism has 6 ink replacement patterns, one per ink plane, programmable by the 
CPU. The dead nozzle mask is ANDed with the dot data to see if there are any planes where the dot is 
active but the corresponding nozzle is dead. The resultant value forms an enable, on a per ink basis, for the 
ink replacement process. If replacement is enabled for a particular ink, the values from the corresponding 
replacement pattern register are ORed into the dot data. The output of the ink replacement process is then 
filtered so that error mfrusion is only allowed for the planes in which error diffusion is enabled. 

The output of the ink replacement process is ORed with the resultant dot after dead nozzle removal. If the 
dot position does not contain a dead nozzle then the dn_mask will be all Os and the dot, hcu_dnc_data 7 will 
be passed through unchanged. 
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Figure 210. Logic for dead nozzle removal and ink replacement 
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29.5.4 Error Diffusion Unit 

Figure 21 1 shows a sub-block diagram for the error diffusion unit. 
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Figure 211. Sub-block diagram of error diffusion unit 



29.5.4. 1 Random Bit Generator 



The random bit value used to arbitrarily select the direction of diffusion is generated by a maximum length 
32-bit LFSR The tap points and feedback generation are shown in Figure 212. The LFSR generates a hew 
bit for each dot in a line regardless of whether the dot is dead or not, i.e shifting of the LFSR is enabled 
when advdot equals 1. The LFSR can be initialised with a 32-bit prograrnxnable seed value, random_seed 
This seed value is loaded into the LFSR whenever a write occurs to the RandomSeed register. Note that the 
seed value must not be all Is as this causes the LFSR to lock-up. 
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Figure 212. Maximum length 32-b'rt LFSR used for random bit generation 



29.5,4.2 Advance Dot Unit 

The advance dot unit is responsible for detenriining in a given cycle whether or not the error diffuse unit 
will accept a dot from the ink replacement unit or make a dot available to the fixative correct unit and on to 
the DWU. It therefore receives the dwu_dnc_ready control signal from the DWU, the iru_avail flag from 
the ink replacement unit, and generates dnc_dwu_avail and edu_ready control flags. 

Only the dwu_dnc_ready signal needs to be checked to see if a dot can be accepted and asserts edu _ready 
to indicate this. If the error diffuse unit is ready to accept a dot and the ink replacement unit has a dot avail- 
able, then a advdot pulse is given to shift the dot into the pipeline in the diffuse unit. Note that since the 
error diffusion operates on 3 dots, the advance dot unit ignores dwu_dnc_ready initially until 3 dots have 
been accepted by the diffuse unit. Similarly dnc_dwu_avail is not asserted until the diffuse unit contains 3 
dots and the ink replacement unit has a dot available. 
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29.5.4.3 Diffuse Unit 

The diffuse unit contains the combinatorial logic to implement the truth table from Table 147. The diffuse 
unit receives a dot consisting of 6 color planes (1 bit per plane) as well as an associated 6-bit dead nozzle 
mask value. 

Error diffusion is applied to all 6 planes of the dot in parallel. Since error diffusion operates on 3 dots, the 
diffuse unit has a pipeline of 3 dots and their corresponding dead nozzle mask values. The first dot 
received is referred to as dot A, and the second as dot B, and the third as dot C. Dots are shifted along the 
pipeline whenever advdot is 1. A count is also kept of the number of dots received It is incremented when- 
ever advdot is 1, and wraps to 0 when it reaches maxjdot. When the dot count is 0 dot C corresponds to the 
first dot in a line. When the dot count is 1 dot A corresponds to the last dot in a line. 

In any given set of 3 dots only dot B can be defined as containing a dead nozzle(s). Dead nozzles are iden- 
tified by bits set in im_dn_mask. If dot B contains a dead nozzle(s), the corresponding bit(s) in dot A, dot 
C, the dead nozzle mask value for A, the dead nozzle mask value for C, the dot count, as well as the ran- 
dom bit value are input to the truth table logic and the dots A, B and C assigned accordingly. If dot B does 
not contain a dead nozzle then the dots are shifted along the pipeline unchanged. 

29.5.5 Fixative Correction Unit 

The fixative correction unit consists of combinatorial logic to implement fixative correction as denned in 
Table 151. For each output dot the DNC determines if fixative is required for the new compensated dot 
data word and whether fixative is activated already for that dot. 

FixativePresenc = ( (FixativeMaskl | FixativeMask2 ) & edu_data) != 0 
FixativeRe<iuired « (FixativeRequiredKask & edu_data) I = 0 

It then looks up the truth table to see what action, if any, needs to be taken. 



Table 1 51 . Truth table for fixative correction 



fllf 


BR 






1 


1 


Output dot as is. 


dnc_dwu_data = edu_data 


1 


0 


Clear fixative plane. 


dnc_dwu_data = (edu_data) & -{FixativeMaskl | RxatrveMa8k2) 


0 


1 


Attempt to add fixa- 
tive. 


if (Fixative Mask 1 & DnMask) ]= 0 

dnc_dwu_data = (edu.data) | (Fixative Mask2 & -DnMask) 
else 

dnc_dwu_data = (edu_data) | (FixativeMaskl) 


0 


0 


Output dot as is. 


dnc_dwu__data = edu_data 



When attempting to add fixative the DNC first tries to add.it into the plane denned by FixativeMaskl. 
However, if this plane is dead then it tries to add fixative by placing it into the plane defined by 
FixativeMaskl. Note that if both FixativeMaskl and FixativeMaskl are both all Os then the dot data will 
not be changed. 
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J3 



30 Dotline Writer Unit (DWU) 

30.1 Overview 

The Dotline Writer Unit (DWU) receives 1 dot (6 bits) of color information per cycle from the DNC. Dot 
data received is bundled into 256-bit words and transferred to the DRAM. The DWU (in conjunction with 
the LLU) implements a dot line FIFO mechanism to compensate for the physical placement of nozzles in a 
printhead, and provides data rate smoothing to allow for locaJ complexities in the dot data generate pipe- 
line. 



ORAM 
via OIU 



ONC 


dot data ^ 


DWU 





dot data 



dot data 



control 



LLU 



Figure 213. High level data flow diagram of DWU In context 



30.2 Physical requirement imposed by the printhead 

The physical placement of nozzles in the printhead means that in one firing sequence of all nozzles, dots 
will be produced over several print lines. The printhead consists of 12 rows of nozzles, one for each color 
of odd and even dots. Odd and even nozzles are separated by D 2 print lines and nozzles of different colors 
are separated by D { print lines. See Figure 214 for reference. The first color to be printed is the first row of 
nozzles encountered by the incoming paper. In the example this is color 0 odd, although is dependent on 
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the printhead type (see Section 35 Memjet Printhead for other printhead arrangments). Paper passes under 
printhead moving downwards. 



Type 0 printhead IC 

Color 5 Even — 
Color 5 Odd — 
Color 4 Even — 
Color 4 Odd — 
Color 3 Even — 
Color 3 Odd — 
Color 2 Even — 
Color 2 Odd — 
■ Color 1 Even — 
Color 1 Odd — 
Color 0 Even — 
Color 0 Odd — 




Type 1 printhead IC 
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Figure 214. Printhead Nozzle Layout for conceptual 36 Nozzle bi-Iithic printhead 



For example if the physical separation of each half row is 80um equating to Dj=D 2 =5 print lines at 
1600dpi. This means that in one firing sequence, color 0 odd nozzles will fire on dotline L, color 0 even 
nozzles will fire on dotline L-Di, color 1 odd nozzles will fire on dotline L-D r D 2 and so on over 6 color 
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planes odd and even nozzles. The total number of lines fired over is given as 0+5+5 +5= 0 + 1 1x5 =55. 

See Figure 2 1 5 for example diagram. 
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Figure 215. Paper and printhead nozzles relationship (example with D 1 =D 2 =5) 

It is expected that the physical spacing of the printhead nozzles will be 80jxm (or 5 dot lines), although 
there is no dependency on nozzle spacing. The DWU is configurable to allow other line nozzle spacings. 

Table 152. Relationship between Nozzle color/sense and line firing 













sense 


line 


sense 


line 


Color 0 


even 


L * 


even 
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odd 
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odd 
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Color 1 


even 
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even 


L-15 


odd 


L-15 


odd 


L-10 


Color 2 


even 


L-20 


even 


L-25 


odd 


L-25 


odd 


L-20 


Color 3 


even 


L-30 


even 


L-35 


odd 


L-35 
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L-30 


Color 4 


even 


L-40 


even 


L-45 


odd 


L-45 


odd 


L-40 


Colors 


even 


L-50 


even 


L-55 


odd 


L-55 


odd 


L-50 



30.3 Line rate de-coupling 

The DWU block is required to compensate for the physical spacing between lines of nozzles. It does this 
by storing dot lines in a FIFO (in DRAM) until such time as they are required by the LLU for dot data 
transfer to the printhead interface. Colors are stored separately because they are needed at different times 
by the LLU. The dot line store must store enough lines to compensate for the physical line separation of 
the printhead but can optionally store more lines to allow system level data rate variation between the read 
(printhead feed) and write sides (dot data generation pipeline) of the FIFOs. 
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LLU 

Read 

Side 



A logical representation of the FIFOs is shown in Figure 216, where N is defined as the optional number of 
extra half lines in the dot line store for data rate de-coupling. 
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Figure 216. Dot line store logical representation 



30.4 Dot line store storage requirements 

For an arbitrary page width of d dots (where d is even), the number of dots per half line is d/2. 

For interline spacing of D 2 and inter-color spacing of D|, with C colors of odd and even half lines, the 
number of half line storage is (C - I) (D 2 +Dj) + Dl. 

For N extra half line stores for each color odd and even, the storage is given by (N * C * 2). 
The total storage requirement is ((C - 1) (D2 +D i) + Dl + (N * C * 2)) * d/2 in bits. 
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Note that when determining the storage requirements for the dot line store, the number of dots per line is 
the page width and not necessarily the printhead width. The page width is often the dot margin number of 
dots less than the printhead width. They can be the same size for full bleed printing. 

For example in an A4 page a line consists of 13824 dots at 1600 dpi, or 6912 dots per half dot line. To 
store just enough dot lines to account for an inter-line nozzle spacing of 5 dot lines it would take 55 half 
dot lines for color 5 odd, 50 dot lines for color 5 even and so on, giving 55+50+45... 10+5+0= 330 half dot 
lines in total. If it is assumed that N=4 then the storage required to store 4 extra half lines per color is 4 x 
12=48, in total giving 330+48=378 half dot lines. Each half dot line is 6912 dots, at 1 bit per dot give a 
total storage requirement of 6912 dots x 378 half dot lines / 8 bits = Approx 319 Kbytes. Similarly for an 
A3 size page with 19488 dots per line, 9744 dots per half line x 378 half dot lines / 8 = Approx 899 
Kbytes. 



Table 153. Storage requirement for dot line store 
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The potential size of the dot line store makes it unfeasible to be implemented in on-chip SRAM, requiring 
the dot line store to be implemented in embedded DRAM. This allows a configurable dotline store where 
unused storage can be redistributed for use by other parts of the system. 



30.5 Local buffering 

An embedded DRAM is expected to be of the order of 256 bits wide, which results in 27 words per half 
line of an A4 page, and 54 words per half line of A3. This requires 27 words x 12 half colors (6 colors odd 
and even) = 324 x 256-bit DRAM accesses over a dotline print time, equating to 6 bits per cycle (equal to 
DNC generate rate of 6 bits per cycle). Each half color is required to be double buffered, while filling one 
buffer the other buffer is being written to DRAM. This results in 256 bits x 2 buffers x 12 half colors i.e. 
6 144 bits in total. 

The buffer requirement can be reduced, by using 1 .5 buffering, where the DWU is filling 128 bits while the 
remaining 256 bits are being written to DRAM. While this reduces the required buffering locally it 
increases the peak bandwidth requirement to the DRAM. With 2x buffering the average and peak DRAM 
bandwidth requirement is the same and is 6 bits per cycle, alternatively with 1.5x buffering the average 
DRAM bandwidth requirement is 6 bits per cycle but the peak bandwidth requirement is 12 bits per cycle. 
The amount of buffering used will depend on the DRAM bandwidth available to the DWU unit. 
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x1.5 Buffering 
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write pi 



"read pt 

Figure 217, Comparison of 1.5x v 2x buffering 



read pt 



Should the DWU fail to get the required DRAM access within the specified time, the DWU will stall the 
DNC data generation. The DWU will issue the stall in sufficient time for the DNC to respond and still not 
cause a FIFO overrun. Should the stall persist for a sufficiently long time, the PHI will be starved of data 
and be unable to deliver data to the printhead in time. The sizing of the dotline store FIFO and internal 
FIFOs should be chosen so as to prevent such a stall happening. 



30.6 Dotline data in memory 



The dot data shift register order in the printhead is shown in Figure 214 (the transmit order is the opposite 
of the shift register order). In the example the type 0 printhead IC transmit order is increasing even color 
data followed by decreasing odd color data. The type 1 printhead IC transmit order is decreasing odd color 
data followed by increasing even color data. For both printhead ICs the even data is always increasing 
order and odd data is always decreasing. The PHI controls which printhead IC data gets shifted to. 

From this it is beneficial to store even data in increasing order in DRAM and odd data in decreasing order. 
While this order suits the example printhead, other printheads exist where it would be beneficial to store 
even data in decreasing order, and odd data in increasing order, hence the order is configurable. The order 
that data is stored in memory is controlled by setting the CoiorLineSense register. 
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The dot order in DRAM for increasing and decreasing sense is shown in Figure 218 and Figure 219 
respectively. For each line in the dot store the order is the same (although for odd lines the numbering will 
be different the order will remain the same). Dot data from the DNC is always received in increasing dot 
number order. For increasing sense dot data is bundled into 256-bit words and written in increasing order 
in DRAM, word 0 first, then word 1 , and so on to word N, where N is the number of words in a line. 

For decreasing sense dot data is also bundled into 256-bit words, but is written to DRAM in decreasing 
order, i.e. word N is written first then word N-l and so on to word 0. For both increasing and decreasing 
sense the data is aligned to bit 0 of a word, i.e. increasing sense always starts at bit 0, decreasing sense 
always finishes at bit 0. 



Even Dot Storage In DRAM (Increasing Sense) 
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Figure 218. Even dot order in ORAM (Increasing Sense, 13320 dot wide line) 



Even Dot Storage in DRAM (Decreasing Sense) 
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Figure 219. Even dot order in DRAM (Decreasing Sense, 13320 dot wide line) 



Each half color is configured independently of any other color. The ColorBaseAdr register specifies the 
position where data for a particular dotline FIFO will begin writing to. Note that for increasing sense col- 
ors the ColorBaseAdr register specifies the address of the first word of first line of the fifo, whereas for 
decreasing sense colors the ColorBaseAdr register specifies the address of last word of the first line of the 
FIFO. 

Dot data received from the DNC is bundled in 256-bit words and transferred to the DRAM. Each line of 
data is stored consecutively in DRAM, with each line separated by ColorUnelnc number of words. 

For each line stored in DRAM the DWU increments the line count and calculates the DRAM address for 
the next line to store. 
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This process continues until ColorFifoSize number of lines are stored, after which the DRAM address with 
wrap back to the ColorBaseAdr address. 



Increasing Sense Colors 
DRAM 



ColorBaseAdr 
(words) 




Decreasing Sense Colore 
DRAM 



ColorBaseAdr 
(words) 



MaxWriteAhead (Unes) 



ColorFHoSize = N lines 




Figure 220. Dotltne FIFO data structure In ORAM 

As each line is written to the FIFO, the DWU increments the FifoFillLevel register, and as the LLU reads a 
line from the FIFO the FifoFillLevel register is decremented The LLU indicates that it has completed 
reading a line by a high pulse on the llu_dwujline^rd line. 

When the number of lines stored in the FIFO is equal to the MaxWriteAhead value the DWU will indicate 
to the DNC that it is no longer able to receive data (i.e. a stall) by deasserting the dwu_dnc_ready signal. 

The ColorEnable register determines which color planes should be processed, if a plane is turned off, data 
is ignored for that plane and no DRAM accesses for that plane are generated. 
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30.7 Implementation 

30.7.1 Definitions of I/O 



Table 154. DWU I/O Definition 




Clocks and Resets 



pdk 


1 


In 


System Clock 


prsOi 


1 


In 


System reset synchronous active low 


ONC Interface j 


dwu_dnc_ready 


1 


Out 


Indicates that DWU is ready to accept data from the DNC. 


dnc_dwu_avail 


1 


In 


Indicates valid data present on dnc_dwu_data. 


dnc^dwu.dataprO] 


6 


In 


Input bMevet dot data in 6 Ink planes. 


LLU Interface 


dwuJlu_Dne_wr 


1 


Out 


DWU line write. Indicates that the DWU has completed a full 
line write. Active high 


IWu_dwuJine_rd 


1 


In 


LLU line read. Indicates that the LLU has completed a fine 
read. Active high. 


LLU and DWU common configuration 


dvvu JIu_cfHbsize[1 1 :0]f7:0] 


12x8 


Out 


Indicates the number of lines in the FIFO before the tine 

increment will wrap around in memory. 

Bus 0,1 - Even. Odd Gne color O 

Bus 2,3 - Even, Odd line color 1 

Bus 4,5 - Even, Odd line color 2 

Bus 6,7 - Even, Odd line color 3 

Bus 8.9 - Even. Odd line color 4 

Bus 10,1 1 - Even. Odd line color 5 


PCU Interface 


pcu_dwu_sel 


1 


In 


Block select from the PCU. When pcujdwu_sel is high both 
pcujadr and pcu^dataout are valid. 


pcu_rwn 


1 


In 


Common read/not-write signal from the PCU. 


pcu_adr{7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the 
address space for this block. 


pcu_dataout{3 1 :0] 


32 


In 


Shared write data bus from the PCU. 


dwu_pcu_rdy 


1 


Out 


Ready signal to the PCU. When dwu _pcu_rdy is high H indi- 
cates the last cycle of the access. For a write cycle this 
means pcujdataout has been registered by the block and 
for a read cycle this means the data on dwu _j>cu_data is 
valid. 


dwu_pcu_data{3 1 :0] 


32 


Out 


Read data bus to the PCU. 


OIU Interface 


dwu_dtu_wreq 


1 


Out 


DWU requests DRAM write. A write request must be accom- 
panied by a valid write address together with valid write data 
and a write valid. 


dwu_diu_wadr[21 SJ 


17 


Out 


Write address to OIU 

1 7 bits wide (256-bit aligned word) 


diu_dwu_wack 


1 


In 


Acknowledge from DJU that write request has been 
accepted and new write address can be placed on 
dwv_diu_wadr 
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Table 154. DWU I/O Definition 





&M1 


ma 




dwu_diu_data(63:0] 


64 


Out 


Data from DWU to DIU. 256-bit word transfer over 4 cycles 
Rrst 64-brts Is bits 63:0 of 256 brt word 
Second 64-bits is bits 127:64 of 256 bit word 
Third $4-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255:1 92 of 256 bit word 


dwu_diu_wvaiid 


1 


Out 


Signal from DWU indicating that data on dwujdiu data is 
valid. 
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J3 



30.7.2 DWU partition 
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Figure 221. DWU partition 



30.7.3 Configuration registers 

The configuration registers in the DWU are programmed via the PCU interface. Refer to section 21 .8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
DWU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register 
reads and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for 
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the DWU. When reading a register that is less than 32 bits wide zeros should be returned on the upper 
unused bit(s) of dwu_pcu_data. Table 155 lists the configuration registers in the DWU. 



Table 155. DWU registers description 



SBsBSSSaEal 








Control Registers 


0x00 


Reset 


1 


0x1 


Active low synchronous reset, self deactivating. A 
write to this register will cause a DWU block reset. 


0x04 


Go 


1 


0x0 


Active high bit indicating the DWU is programmed 
and ready to use. A low to high transition will cause 
DWU block internal states to reset (configuration 
registers are not reset). 


Dot Line Store Configuration 


0x08-0x38 


Cok>rBaseAdrf11:0] 


12x17 


0x00000 


Specifies the base address (in words) in memory 
where data from a particular half color (N) will be 
placed. 


0x3C-0x6C 


ColorFifoSize[11:0J 


12x8 


0x00 


Indicates the number of lines in the FIFO before 
the line increment will wrap around in memory. 
Bus 0, 1 - Even, Odd line color 0 
Bus 2,3 - Even, Odd line color 1 
Bus 4,5 - Even, Odd line color 2, 
Bus 6,7 - Even, Odd line color 3 
Bus 8,9 * Even, Odd Gne color 4 
Bus 10. 11 - Even, Odd line color 5 


0x70 


CotorLineSense 


2 


0x2 


Specifies whether data written to DRAM for this 
naif color is increasing or decreasing sense 

0 - Decreasing sense 

1 - Increasing sense 

Bit 0 Defines even color sense. 
Bit 1 Defines odd color sense. 


0x74 j 


ColorEnable 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to DRAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x78 


MaxWriteAhead 


8 


0x00 


Specifies the maximum number of lines that the 
DWU can be ahead of the LLU 


0x7C 


UneSize 


16 


0x0000 


Indicates the number of dots per line. 


Working Registers 


0x80 


UneDotCnt 


16 


0x0000 


Indicates the number of remaining dots in the cur- 
rent line. (Read Only) 


0x84 


FifoRIILevel 


8 


0x00 


Number of lines in the FIFO, written to but not 
read. (Read Only) 



A low to high transition of the Go register causes the internal states of the DWU to be reset. All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the dwu _go _jmlse 
signal. 



The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store. It is derived from the LineSize register by rounding up the nearest 256-bit value. The 
same value used for all half colors. 

if (line_sizeP :0} J=0 ) then 

color_line_inc[7 :0] « line_size (15 : 8 ] ♦ 1 
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else 

color_line_incC7 :0J ^ line_size[15 : 8) ; 



30.7.4 Fifo fill level 

The DWU keeps a running total of the number of lines in the dot store FIFO. Each time the DWU writes a 
line to DRAM (determined by the DIU interface subblock and signalled via linejwr) it increments the 
filllevel and signals the line increment to the LLU (pulse on dwujlu_line_wr). Conversely if it receives an 
active llujdwujinejrd pulse from the LLU, the filllevel is decremented. If the filllevel increases to the pro- 
grammed max level (max_write_ahead) then the DWU stalls and indicates back to the DNC by de-assert- 
ing the dwu_dn c_ready signal. 

If one or more of the DIU buffers fill, the DIU interface signals the fill level logic via the bufjull signal 
which in turn causes the DWU to de-assert the dwu_dnc_ready signal to stall the DNC. The bufjull sig- 
nals will remain active until the DIU services a pending request from the full buffer, reducing the buffer 
level. 

The DWU does not increment the fill level until a complete line of dot data is in DRAM not just a com- 
plete line received from the DNC. This ensures that the LLU cannot start reading a partial line from 
DRAM before the DWU has finished writing the line. 

The fill level is reset to zero each time a new page is started, on receiving a pulse via the dwu_go __pulse 
signal. 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFMLevel regis- 
ter 
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30.7.5 Buffer address generator 
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Figure 222. Buffer address generator sub-block 
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30. 7.5. 1 Buffer address generator description 

The buffer address generator subblock is responsible for accepting data from the DNC and writing it to the 
DIU buffers in the correct order. 

The buffer address and active bit-write for a particular dot data write is calculated by the buffer address 
generator based on the dot count of the current line, programmed sense of the color and the line size. 

All configuration registers should be programmed while the Go bit is set to zero, once complete the block 
can be enabled by setting the Go bit to one. The transition from zero to one will cause the internal states to 
reset 

| If the color _line_$ense signal for a color is one (i.e. increasing) then the bit- write generation is straight 

forward as dot data is aligned with a 256-bit boundary. So for the first dot in that color, the bit 0 of the 
wrjbit bus will be active (in buffer word 0), for the second dot bit I is active and so on to the 255 th dot 
where bit 63 is active (in buffer word 3). This is repeated for all 256-bit words until the final word where 
only a partial number of bits are written before the word is transferred to DRAM. 

| If color Jtinejsense signal for a color is zero (i.e. decreasing) the bit-write generation for that color is 

adjusted by an offset calculated from the pre-programmed line length {line _size). The offset adjusts the bit 
write to allow the line to finish on a 256-bit boundary. For example if the line length was 400, for the first 
dot received bit 7 (line length is halved because of odd/even lines of color) of the wrjbit is active (buffer 
word 3), the second bit 6 (buffer word 3), to the 200 th dot of data with bit 0 of wrjbit active (buffer word 
0). 
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30.7.5.2 Bit-write decode 

The buffer address generator contains 2 instances of the bit-write decode, one configured for odd dot data 
the other for even. The counter (either up or down counter) used to generate the addresses is selected by 
| the color Jinejsense signal. Each block determines if it is active on this cycle by comparing its configured 

type with the current dot count address and the datajxctive signal. 

The wrjbit bus is a direct decoding of the lower 6 count bits {count [6:1]), and the DIU buffer address is 
the remaining higher bits of the counter (count [10:7]). 

The signal generation is given as follows: 

// determine the counter to use 
| if <color_line_sense -= 1 ) 

count « up_cnt ( 10 : 0] 
else 

count = dn_cnt [10:0] 
// determine if active, based on instance type 

wr_en = data_active & (count [0] * odd_even_type> // odd =1, even »0 

// determine the bit write value 
wr_bit(63:0J » decode (count [6 : 13 ) 
// determine the buffer 64 -bit address 
wr_adr [3 : 0] » count [10:7} 

30. 7. 5. 3 Up counter generator 

The up counter increments for each new dot and is used to determine the write position of the dot in the 
DIU buffers for increasing sense data. At the end of each line of dot data (as indicated by line Jin), the 
counter is rounded up to the nearest 256-bit word boundary. This causes the DIU buffers to be flushed to 
DRAM including any partially filled 256-bit words. The counter is reset to zero if the dwu_go jpulse is 
one. 

// Up-Counter Logic 

if (dwu go pulse == 1) then ( 

up_cnt(10:OJ » 0 
elsif (line_fin == 1 ) then 

// round up 

if (up_cnt[8:l) != 0) 
up_cnt [10: 

else 

up_cntfl0:9) 

// bit-selector 

up.cnt 17:03=0 

elsif ( (dnc_dwu_avail == 1) AND (dwu_dnc_ready == 1 ) ) then 
up_cnt £7:0]++ 



30. 7.5.4 Down counter generator 

The down counter logic decrements for each new dot and is used to determine the write position of the dot 
in the DUI buffers for decreasing sense data. When the dwu_go_pube bit is one the lower bits (i.e. 8 to 0) 
of the counter are reset to line size value (line^ize), and the higher bits to zero. The bits used to determine 
the bit-write values and 64-bit word addresses in the DIU buffers begin at line size and count down to zero. 
The remaining higher bits are used to determine the DIU buffer 256-bit address and buffer fill level, begin 
at zero and count up. The counter is active when valid dot data is present, i.e. dnc_dwu_ovatl equals 1 . 

When the end of line is detected (line Jin equals 1) the counter is rounded to the next 256-bit word, and the 
lower bits are reset to the line size value. 

//Down- Counter Logic 

if (dwu_go_pulse == 1) then 
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dn_cnt[8:0j « line_size [ 8 : 0) 
dn_cnt(10:9} = 0 
els if <line_fin == 1 ) then 
// perform rounding up 
if <dn_cnt[8:l] ! = 0) 

dn_cnt [10 : 9] ++ 
else 

dn_cnt [10; 9] 
// bit-select is reset 

dn_cnt [8:0J=line_size[8:OJ // bit select bits 
elsif ( (dnc_dwu__avail == 1) AND (dwu_dnc_ready == 1 ) ) then 
dn_cnt [8:0] — 
dn_cnt[10:9]++ 



30.7.5.5 Dot counter 

The dot counter simply counts each active dot received from the DNC. It sets the counter to line jsize and 
decrements each time a valid dot is received When the count equals zero the line Jin signal is pulsed and 
the counter is reset to line__size. 

The counter is reset to line_$ize when dwu_go _j)ulse is 1. 
30.7.6 DIU buffer 

The DIU buffer is a 64 bit x 8 word dual port register array with bit write capability. The buffer could be 
implemented with flip-flops should it prove more efficient 
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30.7.7 DIU interface 
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Figure 223. OiU interface sub-block 



30.7.7.1 DIU interface general description 

The DIU interface determines when a buffer needs a data word to be transferred to DRAM. It generates the 
DRAM address based on the dot line position, the color base address and the other programmed parame- 
ters. A write request is made to DRAM and when acknowledged a 256-bit data word is transferred The 
interface determines if further words need to be transferred and repeats the transfer process. 

If the FIFO in DRAM has reached its maximum level, or one of the buffers has temporarily filled, the 
DWU will stall data generation from the DNC. 

A similar process is repeated for each line until the end of page is reached. At the end of a page the CPU is 
required to reset the internal state of the block before the next page can be printed. A low to high transition 
of the Go register will cause the internal block reset, which causes all registers in the block to reset with 
the exception of the configuration registers. The transition is indicated to subblocks by a pulse on 
dwu_go^pulse signal. 
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30.7.7.2 interface controller 
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Figure 224. Interface controller state diagram 

The interface controller state machine waits in Idle state until an active request is indicated by the read 
pointer (via the req_active signal). When an active request is received the machine proceeds to the Col- 
orSelect state to determine which buffers need a data transfer. In the ColorSelect state it cycles through 
each color and determines if the color is enabled (and consequently the buffer needs servicing), if enabled 
it jumps to the Request state, otherwise the color \jcnt is incremented and the next color is checked. 

In the Request state the machine issues a write request to the DIU and waits in the Request state until the 
write request is acknowledged by the DIU (diu^dwu^wack). Once an acknowledge is received the state 
machine clocks through 4 cycles transferring 64-bit data words each cycle and incrementing the corre- 
sponding buffer read address. After transferring the data to the DIU the machine returns to the ColorSelect 
state to determine if further buffers need servicing. On the transition the controller indicates to the address 
generator (adr_update) to update the address for that selected color. 

If all colors are transferred (color_cnt equal to 6) the state machine returns to Idle, updating the last word 
flags (group Jin) and request logic (reqjupdate). 

The dwu_diu_wvalid signal is a delayed version of the buf_rd_en signal to allow for pipeline delays 
between data leaving the buffer and being clocked through to the DIU block. 

The state machine will return from any state to Idle if the reset or the dwu _go_pulse is 1 . 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



Nov 2002 
Page 479 




SoPEC : Hardware Design 



30.7.7.3 Address generator 

The address generator block maintains 12 pointers (color _adr [11:0]) to DRAM corresponding to current 
write address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for that color. The pointer used is selected by the req_sel 
bus, and the pointer update is initiated by the adrjupdate signal from the interface controller. 

The pointer update is dependent on the sense of the color of that pointer, the pointer position in a line and 
the line position in the FIFO. The programming of the color J>ase_adr needs to be adjusted depending of 
the sense of the colors. For increasing sense colors the color Jbasejidr specifies the address of the first 
word of first line of the fifo, whereas for decreasing sense colors the color J>ase_adr specifies the address 
of last word of the first line of the FIFO. 

For increasing colors, the initialization value (i.e. when dwu_go _puhe is 1) is the color _base_adr. For 
each word that is written to DRAM the pointer in incremented. If the word is the last word in a line (as 
indicated by lastjwd from that read pointers) the pointer is also incremented. If the word is the last word in 
a line, and the line is the last line in the FIFO (indicated by fifojend from the line counter) the pointer is 
reset to color_base_adr. 

In the case of decreasing sense colors, the initialization value (i.e. when dwu _go _pulse is 1) is the 
color J>ase_adr. For each line of decreasing sense color data the pointer starts at the line end and decre- 
ments to the line start. For each word that is written to DRAM the pointer is decremented. If the word is 
the last word in a line the pointer is incremented by colorjinejnc * 2 + 1. One line length to account for 
the line of data just written, and another line length for the next line to be written. If the word is the last 
word in a line, and the line is the last line in the FIFO the pointer is reset to the initialization value (i.e. 
color Jbase_adr). 

The address is calculated as follows: 

if (dwu_go_pulse == 1) then 

color_adr(ll:0] = color_>ase_adr (11 : 0) [21 : 5] 
elsif (adrjupdate == l) then { 

// determine the color 

color * req_eel ( 3 : 0 ] 

// line end and fifo wrap 

if ( <f ifo_end[ color) == 1) AND (last_wd =* 1)) then { 
// line end and fifo wrap 

color_adr[color] = color_base_adr (color] [21 : 5 J 
) 

elsif ( laat_wd == 1) then { 

// just a line end no fifo wrap 

if ( col or_line_sense [color % 2] 1) then // increasing sense 

color adr [color] ++ 

else // decreasing sense 

co lor_adr [color] » color_adr [color] + < color_line inc * 2) + 1 

} 

else { 

// regular word write 

if ( color^line.sense [color % 2] == 1) then // increasing sense 

color_adr [color] «-+ 
else // decreasing sense 

color_adr (color) 

) 

> 

// select the correct address , for this transfer 
dwu_diu_wadr = color_adr [req_sel] 
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30.7.7.4 Line count 

The line counter logic counts the number of dot data lines stored in DRAM for each colon A separate 
pointer is maintained for each color. A line pointer is updated each time the final word of a line is trans- 
ferred to DRAM. This is determined by a combination of adr_update and lastjwd signals. The pointer to 
update is indicated by the reqjsel bus. 

When an update occurs to a pointer it is compared to zero, if it is non-zero the count is decremented, oth- 
erwise the counter is reset to color Jifojsize. If a counter is zero thejifo^end signals is set high to indicates 
to the address generator block that the line is the last line of this colors rlfo. 

If the dwu_go_j>ulse signal is one the counters are reset to color _fifo_size. 

if (dwu_go_pulse « 1> then 

line_cnt(ll:0) » color_f ifo_size[ll:0] 
elsif (<adr_update == 1) AND (last_wd == 1)) then { 

// determine the pointer to operate on 

color = re<i_sel[3.-0] 

// update the pointer 

if <line_cnt [color} =« 0) then 

line_cnt(colorJ = color_f if o_size [color} 

else 

line_cnt [i) 

) 

// count ia zero its the last line of fifo 
for(i«=0 ;i <12;i*+) { 

fifo_end[i) = <line_cntfi] == 0) 

} 

30.7.7.5 Read Pointer 

The read pointer logic maintains the buffer read address pointers. The read pointer is used to determine 
which 64-bit words to read from the buffer for transfer to DRAM. 

The read pointer logic compares the read and write pointers of each DIU buffer to determine which buffers 
require data to be transferred to DRAM (pend[ll:0] bus), and which buffers are full (the bufjull signal). 
Only enabled buffers are considered as indicated by the color ^enable bus. 

Buffers are grouped into odd and even buffers groups. If an odd buffer requires DRAM access the 
odd^pend signals will be active, if an even buffer requires DRAM access the even _pend signals will be 
active. If both odd and even buffers require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req_active 
signal, with the odd_even_jel signal deterrnining which group of buffers get serviced. The interface con- 
troller will check the color jenable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the read pointer logic to update the requests pending via 
reqjupdate signal. 

The req_self3:0] signal tells the address generator which buffer is being serviced* it is constructed from 
the odd^even^el signal and the color jcnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and read pointer for the corresponding buffer are updated. The req_sel 
determines which pointer should be incremented. 
// determine which buffers need updates 
for{ i=0; i<12; i*+) { 

// determine if re<iuest is active, filtered by color enable 

if ( wr_adr[i] [3 :2J !*= rcLadr [i](3 :2] ) 
pend(i) = color_enable[ i / 2) 

else 

pendli] = 0 
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// determine if any enabled buffer is full 

if ((wr_adr[i) [3:0J - rd_adr [ i) (3 : 0] > > 7) AND (color_enable [ i / 2] 1) ) then 
buf_full =1 

> 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6,8,10) 
od<*_pend = ( pend[lj | pend[3) | pend[5) | pend(7] | pend[9] | pend(ll] ) 
even_pend = ( pendCOJ j pend[2] j pend(4] j pend[6) j pend{8] j pend[10) ) 
// fixed servicing order, only update when control ler dictates so 
if <req_update == 1) then ( 

if (even^pend == 1) then // even always first 

odd_even_sel = 0 
req_active = 1 
els if (odd_pend == 1 ) then // then check odd 

odd_even_sel a 0 
req_active * 1 
else // nothing active 

odd_even_sel = 0 
req_active = 0 

) 

// selected requestor 

req_sel[3:0I = <color_cnt [2 :0) , odcLeven_sel) // concatentation 

The read address pointer logic consists of 12 2-bit counters and a word select pointer. The pointers are 
reset when dwu_go_pulse is one. The word pointer (word_ptr) is common to all buffers and is used to read 
out the 64-bit words from the DIU buffer. It is incremented when buf_rd_en is active. If the word^ptr is 3 
and Th& buf_rd_en is active the selected read pointer {rd_ptr[req__sel]) will be incremented. A concatena- 
tion of the read pointer and the word pointer are use to construct the buffer read address. The read pointers 
are not reset at the end of each line. 
// determine which pointer to update 
if (dwu_go_pulse == 1) then 

rcl_ptr{ll:0] * 0 

word__ptr = 0 

elsif (buf_jrd_en == l) then { 

word_j?tr++ 

if (word_ptr == 3 ) then 
rdLptr [ reo^sel ] ++ 

) 

// create the address from the pointer, and word reader 
rcUadrfreoL.sel] *= (rd_ptr (reo_sel) ,word_ptr) // concatenation 

The read pointer block determines if the word being read from the DIU buffers is the last word of a line. 
The buffer address generator indicate the last dot is being written into the buffers via the line Jin signal. 
When received the logic marks the 256-bit word in the buffers as the last word. When the last word is read 
from the DIU buffer and transferred to DRAM, the flag for that word is reflected to the address generator. 
// line end set the flags 
if (dwu_go_pulse == 1) then 

last_flag[l ;0] {1:0] =0 
elsif (line_fin == 1 ) then 

//'determines the current 256-bit word even been written to 

last_flag[0} {wr_adr [0J {2J ] =1 // even group flag 

// determines the current 256-bit word odd been written to 

last_flag(lj (wr w adr(l) f2] ] =1 // odd group flag 
// last word reflection to address generator 
last_wd = last_flag(odd_even_selJ [rd_ptr [req_sel) [0] ] 
// clear the flag 
if <gx-oup_fin == 1 ) then 

last_flagtodd_even_sel] [rd_ptr [req_sell [0) ) = 0 

When a complete line has been written into the DIU buffers (but has not yet been transferred to DRAM), 
the buffer address generator block will pulse the line Jin signal. The DWU must wait until all enabled 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



Nov 2002 
Page 482 




SoPEC : Hardware Design 



buffers arc transferred to DRAM before signaling the LLU that a complete line is available in the dot line 

store {dwu_llujine_wr signal). When the line Jin is received all buffers will require transfer to DRAM. 

Due to the arbitration, the even group will get serviced first then the odd. As a result the line finish pulse to 

the LLU is generated from the last Jlag of the odd group. 

// must be odd, odd group transfer complete and the last word 

dwu_llu_line_wr = odd_even_sel AND group_f in AND last_wd 
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31 Line Loader Unit (LLU) 

31.1 Overview 

The Line Loader Unit (LLU) reads dot data from the line buffers in DRAM and structures the data into 
even and odd dot channels destined for the same print time. The blocks of dot data are transferred to the 
PHI and then to the printhead. Figure 225 shows a high level data flow diagram of the LLU in context. 
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Figure 225. High level data flow diagram of LLU In context 



31 .2 Physical requirement imposed by the printhead 

The DWU re-orders dot data into 12 separate dot data line FIFOs in the DRAM. Each FIFO corresponds to 
6 colors of odd and even data. The LLU reads the dot data line FIFOs and sends the data to the printhead 
interfece. The LLU decides when data should be read from the dot data line FIFOs to correspond with the 
time that the particular nozzle on the printhead is passing the current line. The interaction of the DWU and 
LLU with the dot line FIFOs compensates for the physical spread of nozzles firing over several lines at 
once. For further explanation see Section 30 Dotline Writer Unit (DWU) and Section 32 PrintHead Inter- 
face (PHI). Figure 226 shows the physical relationship of nozzle rows and the line time the LLU starts 
reading from the dot line store. 
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Figure 226. Paper and printhead nozzles relationship (example with D 1 =D 2 =5) 
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Within each line of dot data the LLU is required to generate an even and odd dot data stream to the PHI 
block. Figure 227 shows the even and dot streams as they would map to an example bi-lithic printhead. 
The PHI block determines which stream should be directed to which printhead IC. 



Even Dot Stream 



Odd Dot Stream 4 




M - Midway point tn dots 
N - Number of dots in a line 



5 Unes 



Paper 
Direction 



Note: Paper passing under printhead 

Figure 227. Printhead structure and dot generate order 



31 .3 DOT GENERATE AND TRANSMIT ORDER 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The LLU reads data 
from the dot line FIFO, generates an even and odd dot stream which is then re-ordered (in the PHI) into the 
transmit order for transfer to the printhead. 

The DWU separates dot data into even and odd half lines for each color and stores them in DRAM. It can 
store odd or even dot data in increasing or decreasing order in DRAM. The order is programmable but for 
descriptive purposes assume even in increasing order and odd in decreasing order. The dot order structure 
in DRAM is shown in Figure 219. 

The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of odd or even dots. The dot order may be increasing or decreasing depending on how the DWU 
was programmed to write data to DRAM. An example of the even and odd dot data streams to DRAM is 
shown in Figure 228. In the example the odd dot generator is configured to produce odd dot data in 
decreasing order and the even dot generator produces dot data in increasing order. 

The PHI block accepts the even and odd dot data streams and reconstructs the streams into transmit order 
to the printhead. 

The LLU line size refers to the page width in dots and not necessarily the printhead width. The page width 
is often the dot margin number of dots less than the printhead width. They can be the same size for full 
bleed printing. 
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Example: Una with 13824 dots, with 7:3 printhead 
Figure 228. Dot data generated and transmitted order 



31.4 LLU START-UP 



At the start of a page the LLU must wait for the dot line store in DRAM to fill to a configured level (given 
by FifoReadThreshold) before starting to read dot data. Once the LLU starts processing dot data for a page 
it must continue until the end of a page, the DWU (and other PEP blocks in the pipeline) must ensure there 
is always data in the dot line store for the LLU to read, otherwise the LLU will stall, causing the PHI to 
stall and potentially generate a print error. The FifoReadThreshold should be chosen to allow for data rate 
mismatches between the DWU write side and the LLU read side of the dot line FIFO. The LLU will not 
generate any dot data until FifoReadThreshold level in the dot line FIFO is reached. 

Once the FifoReadThreshold is reached the LLU begins page processing, the FifoReadThreshold is 
ignored from then on. 

When the LLU begins page processing it produces dot data for all colors (although some dot data color 
may be null data). The LLU compares the line count of the current page, when the line count exceeds the 
ColorRelLine configured value for a particular color the LLU will start reading from that colors FIFO in 
DRAM. For colors that have not exceeded the ColorRelLine value the LLU will generate null data (zero 
data) and not read from DRAM for that color. ColorRelLine [N] specifies the number of lines separating 
the N* half color and the first half color to print on that page. 

For the example printhead shown in Figure 226, color 0 odd will start at line 0, the remaining colors will 
all have null data. Color 0 odd will continue with real data until line 5, when color 0 odd and even will 
contain real data the remaining colors will contain null data. At line 10, color 0 odd and even and color 1 
odd will contain real data, with remaining colors containing null data. Every 5 lines a new half color will 
contain real data and the remaining half colors null data until line 55, when all colors will contain real 
data. In the example ColorRelLine [0] =5, ColorRelLine [1] =0, ColorRelLine [2] ~15, ColorRelLine [3] 
=10.. etc. 
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| It is possible to turn off any one of the color planes of data (via the ColorEnable register), in such cases the 

LLU will generate zeroed dot data information to the PHI as normal but will not read data from the 
DRAM. 

31.4.1 LLU bandwidth requirements 

The LLU is required to generate data for feeding to the printhead interface, the rate required is dependent 
on the printhead construction and on the line rate configured The maximum data rate the LLU can pro- 
duce is 1 2 bits of dot data per cycle, but the PHI consumes at 1 2 bits per phiclk cycle (2/3 pclk rate), i.e. 8 
bits per pclk cycle. Therefore the DRAM bandwidth requirement for a double buffered LLU is 8 bits per 
cycle on average. If 1.5 buffering is used then the peak bandwidth requirement is doubled to 16 bits per 
cycle but the average remains at 8 bits per cycle. Note that while the LLU and PHI could produce data at 
the 8 bits per cycle rate, the DWU can only produce data at 6 bits per cycle rate. 
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31.5 Implementation 

31.5.1 LLU partition 
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Figure 229. LLU partition 



+2- 



Bne_si2o 



— phl_Uu_ready[01 
Hu_phLavai!lO] 



• Hu_pW_data[0] 

• Hu_go_putse 



llne_5lze 



— phi_Uu_ready(i] 
Hu_phLavaii[iJ 



> llu_phLdatBl1| 
4 ■ — Hu_go _pu!se 



31.5.2 Definitions of I/O 

Table 156. LLU I/O definition 







H 




Clocks and Resets 


pdk 


1 


fn 


System clock 


prst_n 


1 


In 


System reset, synchronous active low 


PHI Interface 
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Table 1S6. LLU I/O definition 







ESS 




llu_phLdata(l:01(5:0] 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data Is active when corresponding bit Is active in flu _phj_avail bus 


phiJlu_rea<M1K)] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 - Even dot data stream 

1 - Odd dot data stream 


l!u_phi_avail[1 :0] 


2 


Out 


Indicates valid data present on corresponding Uu^phLdata. 

0 - Even dot data stream 

1 - Odd dot data stream 


DIU Interface 


Hu_diu_rreq 


1 


Out 


LLU requests DRAM read. A read request must be accompanied 
by a valid read address. 


llu_diu_radr{215) 


17 


Out 


Read address to DIU 

17 bits wide (256-bit aligned word). 


diu_llu_rack 


1 


In 


Acknowledge from DIU that read request has been accepted and 
new read address can be placed on ilu_diu_radr 


diu_data[63:0) 


64 


In 


Data from DIU to LLU. Each access is 256-bits received over 4 
clock cydes 

First 64-bits is bits 63:0 of 256 bit word 
Second 64-bits is bits 127:64 of 256 bit word 
Third 64-bits is bits 191:128 of 256 bit word 
Fourth 64-bits is bits 255: 1 92 of 256 bit word 


diu_nu_rvaUd 




In 


Signal from DIU telling LLU that valid read data is on the diu data 
bus 


OWU Interface 


dwujlu_line_wr 




In 


DWU line write. Indicates that the DWU has completed a full line 
write. Active high 


IJu_dwuJine_rd 




Out 


LLU line read. Indicates that the LLU has completed a line read. 
Active high. 


dwujlu_cftfosize[1 1 :0][7:0] 


12x8 


In 


Indicates the number of lines in the FIFO before the line increment 
will wrap around in memory. 


PCU Interface 


pcujlu_sel 




In 


Block select from the PCU. When pcu_lfu_sel Is high both pcu_adr 
and pcu_dataout are valid. 


pcu_rwn 




In 


Common readmot-write signal from the PCU. 


pcu_adrf7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout(3l:0] 


32 


In 


Shared write data bus from the PCU. 


llLi_pcti_rdy 


1 


Out 


Ready signal to the PCU. When liu_pcu_rdy\s high It indicates the 
last cycle of the access. For a write cycle this means pcu_dataout 
has been registered by the block and for a read cycle this means 
the data on fJu_pcu_data is valid. 


lfu_pcu_data[31:0] 


32 


Out 


Read data bus to the PCU. ! 



31.5.3 Configuration registers 

The configuration registers in the LLU arc programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the 
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LLU. Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads 
and writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the 
LLU. When reading a register that is less than 32 bits wide zeros should be returned on the upper unused 
bit(s) of llu_pcujiata. Table 1 57 lists the configuration registers in the LLU. 

Table 157, LLU registers description 







tali 


ISih 


it* t *lCi?fl N-i ^ x ^mSfi^f .!tWn ^4 


Control Registers 








0x00 


Reset 


1 


0x1 


Active low synchronous reset self de-activating. A 
write to this register wit) cause a LLU block reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the LLU is programmed and 
ready to use. A low lo high transition wfll cause LLU 
block internal states to reset 


Configuration 




0x06*0x38 


Co(orSaseAdr{11:0] 


12x17 


OxOOOO 
0 


Specifies the base address (in words) in memory 
where data from a particular half color (N) will be 
placed. 


Ox3C 


ColorEnaWe 


6 


0x3F 


Indicates whether a particular color is active or not. 
When inactive no data is written to DRAM for that 
color. 

0 - Color off 

1 - Color on 

One bit per color, bit 0 is Color 0 and so on. 


0x40 


UneSIze 


16 


0x0000 


Indicates the number of dots per line. 


0x44 


RfbReaoThreshold 


8 


0x00 


Specifies the number of lines that should be in the 
FIFO before the LLU starts reading. 


0x48 - 0x78 


ColorRe!Line[11:0] 


12x8 


0x00 


Specifies the relative number of fines to wait from the 

first before starting to read dot data from the cone* 

sponding dot data FIFO 

Bus 0.1 - Even, Odd line color 0 

Bus 2,3 - Even, Odd line color 1 

Bus 4,5 - Even, Odd line color 2 

Bus 6.7 - Even, Odd line color 3 

Bus 8,9 - Even, Odd line color 4 

Bus 1 0, 1 1 - Even, Odd line color 5 


Working Registers 


0x7C 


RfoFlllLevel 


8 


0x00 


Number of lines in the dot line FIFO, line written in but 
not read out. (Read Only) 



A low to high transition of the Co register causes the internal states of the LLU to be reset All configura- 
tion registers will remain the same. The block indicates the transition to other blocks via the llu_go ^puLse 
signal. 

The ColorLinelnc bus specifies the number of addresses (in 256-bit words) between successive half lines 
in the dot line store, is used to determine when a half line of data is read from DRAM. It is derived from 
the LineSize register by rounding up the nearest 256-bit value. The same value used for all half colors, 
if <line_size[7:0] !=0 ) then 

color_line_inc(7:0) = line_size (15 : 8] ♦ 1 
else 

color_line_inc{7:0] = line_si*e[lS : 8] ; 
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31 .5.4 Dot generator 
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Figure 230. Dot generator RTL Diagram 



The dot generator block is responsible for reading dot data from the DIU buffers and sending the dot data 
in the correct order to the PHI block. The dot generator waits for Uujen signal from the fifo fill level block, 
once active it starts reading data from the 6 DIU buffers and generating dot data for feeding to the PHI. 

In the LLU there are two instances of the dot generator, one generating odd data and the other generating 
even data 

At any time the ready bit from the PHI could be de-asserted, if this happens the dot generator will stop 
generating data, and wait for the ready bit to be re-asserted 



31.5.4.1 Dot count 



In normal operation the dot counter will wait for the llu_en and the ready to be active before starting to 
count. The dot count will produce data as long as the phi_llu_ready is active. If the phijlu_ready signal 
goes low the count will be stalled. 

The dot counter increments for each dot that is processed per line. It is used to determine the line finish 
position, and the bit select value for reading from the DIU buffers. The counter is reset after each line is 
processed {line Jin signal). It determines when a line is finished by comparing the dot count with the con- 
figured line size divided by 2 (note that odd numbers of dots will be rounded down). 

// define the line finish 

if (dot_cntU4:0] == line_sizeU5: 1) Jthen 

line_fin = 1 
else 

line__fin = 0 
// determine if word is valid 

dot_active = ( (llu_en == 1) AND (phi_llu_ready == 1) AND (buf_emp = = 0 ) ) 
// counter logic 
if (llu_go_pulse == 1) then 
dot_cnt = 0 

elsif <(dot_active -= 1) AND (line_fin == 1)) then 

dot_cnt « 0 
elsif (dot_active == 1) then 

dot_cnt c dot_cnt ♦ 1 
else 

dot_cnt = dot_cnt 
// calculate the word select bits 
bit_sel [5:0] := dot_cnt(5:0] 
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The dot generator also maintains a read buffer pointer which is incremented each time a 64-bit word is 
processed. The pointer is used to address the correct 64-bit dot data word within the DIU buffers. The 
pointer is reset when llu_go_pulse is I. Unlike the dot counter the read pointer is not reset each line but 
rounded up the nearest 256-bit word. This allows for more efficient use of the DIU buffers at line finish. 

// read pointer logic 
if (llu_go_pulse « 1) then 
read_adr = 0 

elsif (( dot_active == 1) AND (dot_cnt [5:0] = 63 ) ) then 

reaoLadr ♦+ // normal increment 

elsif (( dot_active 1) AND (line_fin == 1 ) ) then { 

/ / special end of line case 

if <dot_cntt7:0] != 0) then 



The LLU keeps a running total of the number of lines in the dot line store FIFO. Every time the DWU sig- 
nals a line end (dwujlu_line_wr active pulse) it increments the filllevel. Conversely if the LLU detects a 
line end (line_rd pulse) the filllevel is decremented and the line read is signalled to the DWU via the 
llu_dwu_line_rd signal. 

The LLU fill level block is used to determine when the dot line has enough data stored before the LLU 
should begin to start reading. The LLU at page start is disabled. It waits for the DWU to write lines to the 
dot line FIFO, and for the fill level to increase. The LLU remains disabled until the fill level has reached 
the programmed threshold (fifo_read_thres). When the threshold is reached it signals the LLU to start pro- 
cessing the page by setting llu_en high. Once the LLU has started processing dot data for a page it will not 
stop if the filllevel falls below the threshold 

The line fifo fill level can be read by the CPU via the PCU at any time by accessing the FifoFillLevel regis- 
ter. The CPU must toggle the Go register in the LLU for the block to be correctly initialized at page start 
and the fifo level reset to zero. 

if <llu_go_pulse « 1) then 
filllevel = 0 

elsif (<line_rd 1) AND ( dwu_l lu_l ine_wr == 1)) then 

//do nothing 
elsif (line_rd == 1) then 

filllevel 
elsif (dwu_l lu_line_wr == 1) then 

filllevel ++ 

// determine the threshold, and set the LLU going 
if <llu_ go_pulse 1) then 
llu_en = 0 

elsif (filllevel f if o_read_threshold ) then 
llu_en = 1 



read_adr [ 3 : 2 ) ♦+ 
read_adr{l:0j = 0; 



// end of line round up 



} 



31.5.5 Fifo filllevel 
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31.5.6 DJU interface 
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Figure 231. DIU interface 



31.5.6. 1 DIU interface description 



The DIU interface block is responsible for determining when dot data needs to be read from DRAM, keep- 
ing the dot generators supplied with data and calculating the DRAM read address based on configured 
parameters, FIFO fill levels and position in a line. 

The fill level block enables DIU requests by activating iiu_en signal. The DRJ interface controller then 
issues requests to the DIU for the LLU buffers to be filled with dot line data (or fill the LLU buffers with 
null data without requesting DRAM access, if required). 

At page start the DIU interface determines which buffers should be filled with null data and which should 
request DRAM access. New requests are issued until the dot line is completely read from DRAM. 
For each request to the DRAM the address generator calculates where in the DRAM the dot data should be 
read from. The color_enoble bus determines which colors are enabled, the interface never issues DRAM 
requests for disabled colors. 
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31,5.6.2 Interface controller 
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Data3: Data word 3 transfer 
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Figure 232. Interface controller state diagram 

The interface controller co-ordinates and Issues requests for data transfers from DRAM. The state machine 
waits in Idle state until it is enabled by the LLU controller (llu_eri) and a request for data transfer is 
received from the write pointer block. 

When an active request is received (req ^active equals 1) the state machine jumps to the ColorSelect state 
to deteimine which colors {color_cnt} in the group need a data transfer. A group is defined as all odd col- 
ors or all even colors. If the color isn't enabled {color jenahle) the count just increments, and no data is 
transferred. If the color is enabled, the state machine takes one of two options, either a null data transfer or 
an actual data transfer from DRAM. A null data transfer writes zero data to the DIU buffer and does not 
issue a request to DRAM. 

The state machine detennines if a null transfer is required by checking the color jstart signal for that color. 

If a null transfer is required the state machine doesn't need to issue a request to the DIU and so jumps 
directly to the data transfer states {DataO to Data3). The machine clocks through the 4 states each time 
writing a null 64-bit data word to the buffer. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required. 

If the color _start is active then a data transfer is required. The state machine jumps to the Request state 
and issue a request to the DIU controller for DRAM access by setting llu_diujrreq high. The DIU 
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responds by acknowledging the request (diujlu^rack equals 1) and then sending 4 64-bit words of data. 
The transition from Request to DataO state signals the address generator to update the address pointer 
(adr_update). The state machine clocks through DataO to Data3 states each time writing the 64-bit data 
into the buffer selected by the req^sel bus. Once complete the state machine returns to the ColorSelect 
state to determine if further transfers are required 

When in the ColorSelect state and all data transfers for colors in that group have been serviced (i.e. when 
color_cnt is 6) the state machine will return to the Idle state. On transition it will update the word counter 
logic (word_dec) and enabled the request logic (reqjupdate), 

A reset or llu_go_pulse set to 1 will cause the state machine to jump directly to Idle. The controller will 
remain in Idle state until it is enabled by the LLU controller via the Humeri signal. This prevents the DIU 
attempting the fill the DIU buffers before the dot line store FIFO has filled over its threshold level 

31.5.6.3 Color activate 

The color activate logic maintains an absolute line count indicating the line number currently being pro- 
cessed by the LLU. The counter is reset when the !lu_go_pulse is 1 and incremented each time a line_rd 
pulse is received The count value (line^cni) is used to determine when to start reading data for a color. 

The count is implemented as follows: 
if ( llu_go_pulse == 1) then 

line_cnt = 0 
elsif < line_rd == 1) then 

line__cnt 

The color activate logic compares line count with the relative line value to determine when the LLU 
should start reading data from DRAM for a particular half color. It signals the interface controller block 
which colors are active for this dot line in a page (via the color _stort bus). It is used by the interface con- 
troller to determine which DIU buffers require null data. 

Once the color _st art bit for a color is set it cannot be cleared in the normal page processing process. The 
bits must be reset by the CPU at the end of a page by transitioning the Go bit and causing a pulse on the 
Hu__go_pulse signal. 

Any color not enabled by the color_enable bus will never have its color _start bit set. 

for (i=0; i<12;i++> < 

if ( llu_oo_pulse == 1) then 

col_on[i] = 0 
elsif ( color.enableCi % 6] == 1 ) then 

col_on[i) « 0 
elsif ( line_cnt color_rel_line[i] ) then 

col_on(i] - 1 

) 

// select either odd or even colors 

if { odd_even_sel 1 ) then // odd selected 

color_sUrt (5:0] = {col_on [11}, col_on [ 9 ] , col_on [7] , col_on { 5 J , col_on (3 J , col_on [ 1 ) } 
else // even selected 

color_s tar t {5:0} = ( col_on [ 1 0 J , col.on f 8 3 . col_on [ 6 ] , col.on ( 4 J . col_on [ 2 ) , col_on (01) 



31.5.6.4 Address generator 

The address generator block maintains 12 pointers (color _odr [11:0]) to DRAM corresponding to current 
read address in the dot line store for each half color. When a DRAM transfer occurs the address pointer is 
used first and then updated for the next transfer for the color. The pointer used is selected by the reqjsel 
bus, and the pointer update is initiated by the odrjupdate signal from the interface controller. 
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The pointer update and pointer initialization is dependent on the pointer position in a line and the line posi- 
tion in the FIFO. 

When a Ilu_go _pulse is received the pointers are each initialized to the corresponding base address for that 
color (color Jbase^adr). For each word that is read from DRAM the pointer is incremented. If the word is 
the last word in a line Qastjwd equals 1) and the last line in the fifo (fifojsnd equals 1) then the address 
pointer is re-initialized to the base address value. The pointer is incremented for all other words. 

The address is calculated as follows: 
// reset to base address 
if <llu_go_pulse == 1) then 

color_adr[ll:0] = color_base_adr [11 : 0] [21 : 5} 
elsif < adr_update == 1) then 

if (req_sel == NULL ) then 
//do nothing 

elsif (<fifo_end == 1) AND <last_wd == 1>) then 

color_adr[req_selj e color_base_adr (req_sel] [21 : S] 

else 

color_adrtrea_sel] ++ // normal increment 
// select the address pointer 
llu_diu_radr = color_adr[ req_sel ] 



31.5.6.5 Line pointer 

The line pointer logic counts the number of dot data lines read from DRAM for each color. The counter 
value is used to signal the fifo wrap point to the address generator logic. A separate counter is maintained 
for each color. 

The end of a line can be determined when the address is updated (adrjupdate equal 1) and the word trans- 
ferred is the last word of a line (last^wd equal 1). The line pointer that needs to be updated is selected by 
the req_?el bus from the write pointer block. If the selected pointer is zero the counter is reset to the corre- 
sponding color _jifo_£ize value, otherwise the counter is decremented. 

If the llu^go jpulse signal is high the counters are reset to its corresponding color Jifo_size value. When 
the counter is zero it sets the fifo_end bit to signal the address generator that the fifo has wrapped (to 
update the address pointer accordingly). 

if (llu_go_pulse == 1) then 

line_pt[ll :0) = color_f ifo_size [ 11 : 0] 
elsif ( (adr_update == 1) AND (last_wd == 1) > then { 

if (line_pt [req_sel] == 0) 

line_pt [req_sel] « color_f if o_size (re<x_sel) 

else 

line__pt[req_sel] — 

) 

// select the correct line pointer for comparison 
fifo^end = (line__pt (line_pt) ==0) 

31.5.6.6 Write pointer 

The write pointer logic maintains the buffer write address pointers, determines when the DIU buffers need 
a data transfer and signals when the DIU buffers are empty. The write pointer determines the address in the 
DIU buffer that the data should be transferred to. 

The write pointer logic compares the read and write pointers of each DIU buffer to determine which buff- 
ers require data to be transferred from DRAM (pend[ll:0J bus), and which buffers are empty (the 
buf_emp signals). Only enabled buffers are considered as indicated by the color_enable bus. 
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Buffers are grouped into odd and even buffers, if an odd buffer requires DRAM access the odd_pend sig- 
nals will be active, if an even buffer requires DRAM access the even _pend signals will be active. If both 
odd and even buffer require DRAM access, the even buffers will get serviced first 

If any buffer requires a DRAM transfer, the logic will indicate to the interface controller via the req_active 
signal, with the odd_even_sel signal determining which group of buffers get serviced The interface con- 
troller will check the color_enable signal and issue DRAM transfers for all enabled colors in a group. 
When the transfers are complete it tells the write pointer logic to update the request pending via 
reqjupdate signal. 

The req_sel[3:0] signal tells the address generator which buffer is being serviced, it is constructed from 
the odd_even_sel signal and the color __cnt [2:0] bus from the interface controller. When data is being trans- 
ferred to DRAM the word pointer and write pointer for the corresponding buffer are updated. The reqjsel 
determines which pointer should be incremented. 

The write pointer logic operates the same way regardless of whether the transfer is null or not. 

// determine which buffers need updates 
for( i=0; i<12? i«-+) { 

// determine if re<juest is active, filtered by color enable 
if { wr_adr[i] [3;2J «= rd_adr UH3 :2] > 

pend[i] e 1 
else 

pendti] = 0 
// determine if any enabled buffer is empty 

if <<wr_adr[i] [3:0] rd_adr [ i] (3 :0] ) AND <color_enable[i / 2] == 1)) then 
buf _emp [ i ] =1 

} 

// Odd half colors (1,3,5,7,9,11), even half colors (0,2,4,6,8,10) 
odd_pend » ( pendflj | pend[3J | pendCS] | pend(7] | pend[9) | pendtll] ) 
evenjend = ( pendfO) | pend(2] j pend[4) j pend[6J j pend(8] | pendCIO] ) 
// fixed servicing order, only update when controller dictates so 
if (req_update 1) then { 

if (even_pend == 1) then // even always first 

odd_even_s el = 0 
re<i_*ctive = l 
elsif (odd_pend == 1 ) then // then check odd 

odd_even_sel * 0 
req_active = 1 
else // nothing active 

odd_even_sel - 0 
re<i_active = o 

> 

// selected requestor 

req_sel£3;0J = {color_cnt(2 : 0] , odd_even_sel} // concatenation 

The write address pointer logic consists of 12 2-bit counters and a word select pointer. The counters are 
reset when llu_go_pulse is one. The word pointer (word^ptr) is common to all buffers and is used to write 
64-bit words into the DIU buffer. It is incremented when buf_rd_en is active. If the word _ptr is 3 and the 
buf_rd_en is active the selected write pointer (wr^ptrfreq^elj) will be incremented. A concatenation of 
the write pointer and the word pointer are use to construct the buffer write address. The write pointers are 
not reset at the end of each line. 

// determine which pointer to update 
if (buf_wr_en == i> then C 

wr_adr ( re<z_sel ] + ♦ 

wr_en [ req_sel ) = 1 

> 
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// determine which pointer to update 
if (llu_go_pulse == 1) then 

wr_ptr[ll:0) = 0 

word_ptr = 0 

elsif (bu^rdUen « 1) then < 

word_ptr+* 

if (word__ptr — 3 ) then 
wrjptr [reg^sel ] ++ 

) 

// create the address from the write pointer and word pointer 
wr_adrtreQ_seI] = {wr_ptr [req^sel ] , word_ptr) // concatenation 



31.5.6.7 Word count 



The word count logic maintains 2 counters to track the number of words transferred from DRAM per line 
one counter for odd data, and one counter for even. On receipt of a Uu^go^pulse, the counters arc initial- 
ized to the color Jinejnc value (number of words per line). When a group of words are transferred to 
DRAM as indicated by the word_dec signal from the interface controller, the corresponding counter is 
decremented The counter to decrement is indicated by the odd_even_sel signal from the write pointer 
block (even = 0, odd = 1). 

When a counter is zero the lasted signal for that group (i.e. odd or even) is set. The last_wd signal indi- 
cates to the address generator that the next word transferred from DRAM for the corresponding color is the 
last word m the line. When the last word actually gets transferred the interface controller will pulse the 
word_dec signal causing the corresponding word count to reset to the color Jinejnc value. 

// determine which counter to decrement 
if <llu_go_pulse 1) then 

word_cnt[01 = color_line_inc // odd count 

word_cnttl] = color_line_inc // even count 
elsif <word_dec « l) then ( // need to decrement one word counter 

if <word_cnttodd__even_selj == 0) then // line finish 

word_cnt(odcLeven_sel3 = color_line_inc 

else 

word^cnt [odd_even_sel] — 

) 

// select the correct the last_wd 
last_wd = (word_cnt [odd_even_sol ) == 0) 

The word count logic also determines when a complete line has been read from DRAM, it then signals the 
fifo fill level logic in both the LLU and DWU (via line_rd signal) that a complete line has been read by the 
LLU (llu__dwujine_rd). 
. // line finish logic 
if <llu_go_j>ulse 1) then 
line_ fin = o 
line_rd =0 

elsif (<last_wd 1) AND (line_fin 0) AND (word_dec == 1 > ) then 
line_fin =1 // fi rst group last_wd finish pulse 

line_rd = 0 

elsif <(last_wd =» 1) and {line_fin == 1) AND (word^dec == 1 ) > then 
line_fin =0 // second group last_wd finish pulse 

line_rd =1 

else 

line_fin = line_fin // stay the same 

line_rd = 0 
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32 PrintHead Interface (PHI) 

32.1 Overview' 

The Printhead interface (PHI) accepts dot data from the LLU and transmits the dot data to the printhead, 
using the printhead interface mechanism. The PHI generates the control and timing signals necessary to 
load and drive the bi-lithic printhead. The CPU determines the line update rate to the printhead and adjusts 
the line sync frequency to produce the maximum print speed to account for the printhead IC's size ratio 
and inherent latencies in the syncing system across multiple SoPECs. 

The PHI also needs to consider the order in which dot data is loaded in the printhead. This is dependent on 
the construction of the printhead and the relative sizes of printhead ICs used to create the printhead. See 
Bi-lithic Printhead Reference document for a complete description of printhead types [10]. 

The printing process is a real-time process. Once the printing process has started, the next Printline's data 
must be transferred to the printhead before the next line sync pulse is received by the printhead Otherwise 
the printing process will terrninate with a buffer undemin error. 

The PHI can be configured to drive a single printhead IC with or without synchronization to other 
SoPECs. For example the PHI could drive a single IC printhead (Le. a printhead constucted with one IC 
only), or dual IC printhead with one SoPEC device driving each printhead IC. 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead to: 

• determine printhead temperature 

• test for and determine dead nozzles for each printhead IC 

• initialize each printhead IC 

• pre-heat each printhead IC 

Figure 233 shows a high level data flow diagram of the PHI in context. 




BMithfc Printhead 
Figure 233. High level data flow diagram of PHI in context 
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32.2 PRfNTHEAD MOOES OF OPERATION 



The pnnthead has 4 different modes of operations (although some modes are re-used). The mode of oper- 
ation is denned by the state of the output pins phijsyncl and phi_readl. As both pnnthead ICs are driven 
by the same signals both pnnthead ICs must be in the same mode of operation. The modes of operation are 
Genned in J able 158. 



Table 158. Printhead modes of operation 



Egg 




mm. 


SSI 




• htm- iu 


• 


i 


IM/A 


Normal print mode, dot data is clocked into the print- 
head shift register, on each tailing edge of phi srctk 


DOTJLOAD/ 
FIREJNU 


1 


0 




Dot Load Mode, data stored in the dot shift register is 
transferred into the dot latch on the falling edge of 
phLtsyncf, and latched in on the rising edge of 
phijsyncl 


phi_srdk=A 


Fire load mode. Parameter for generating fire pattern 
are loaded into generator, data on phi_ph_data[1:0][0] 
is clocked into the generator on each rising edge of 
phLfrctk 


TEST_MODE 


0 


0 


phi_frvlk=Q 


Dot Load Mode, data stored in the dot shift register is 
transferred into the dot register on the rising edge of 
phijsyncl, identical to DOTJLOAD 


phi_srclh=0 


The printhead is in test mode, the temperature delta j 
Sigma is clocked out of the printhead on the rising of 
frclk through phi_ph_data[1:0][1] 
The result of the nozzle test is clocked out of the print- 
head through pN_ph data(1:0][0J 


RRE.GEN 


0 


1 


N/A 


The nozzle test circuit is reset 

CMOS testing mode, the dot shift register is scanned 

out of the printhead on the falling edge of phLsrdk. 

Data is output on phi _ph_data[1:0J(1:0] 

The initialised generator creates the fire pattern and 

shift select pattern, and the pattern is clocked into the 

fire shift register and select shift register on the rising 

edge of phi_frctk 



32.3 Data rate equalization 



The LLU can generate dot data at the rate of 12 bits per cycle, where a cycle is at the system clock fre- 
quency In order to achieve the target print rate of 30 sheets per minute, the printhead needs to print a line 
every lOOfis (calculated from 300mm @ 65.2 dots/mm divided by 2 seconds — 100 usee) For a 7:3 con- 
structed pnnthead this means that 9744 cycles at 106Mhz is quick enough to transfer the dot data. The 
input FIFOs are used to de-couple the read and write clock domains as well as provide for differences 
between consume and fill rates of the PHI and LLU. 

Nominally the system clock (pclK) is run at 160Mhz and the printhead interface clock (phiclk) is at 
106Mhz. 

If the PHI was to transfer data at the full printhead interface rate, the transfer of data to the shorter print- 
head IC would be completed sooner than the longer printhead IC. While in itself this isn't an issue it 
requires that the LLU be able to supply data at the maximum rate for short duration, this requires uneven 
bursty access to DRAM which is undesirable. To smooth the LLU DRAM access requirements over time 
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the PHI transfers dot data to the printhead at a pre-programmed rate, proportional to the ratio of the shorter 
to longer printhead ICs. 



Without Rate equalization (7:3 head) 

I' 

phijsyncl [J 
phi_ph_data(0IIl:O] | - 77 7 ! 



100 usee 



pM_ph_data(l][1:0] 
phi_s/clk[0) 

phLsrclkpf 



With Rate equalization (7:3 head) 
phijsyncl JJ 



phLph_data[0][1:0]- 
phi_ph_data[1H1:0J 

phi_srclk[0J 



1 



I 



£3 



_□ 



pNUudkp] 



Figure 235. Printhead data rate equalization 

The printhead data rate equalization is controlled by PrintHeadRatefl :0] registers (one per printhead IC). 
The register is a 16 bit bitmap of active clock cycles in a 16 clock cycle window. For example if the regis- 
ter is set to OxFFFF then the output rate to the printhead will be full rate, if it's set to OxJFOFO then the out- 
put rate is 50% where there is 4 active cycles followed by 4 inactive cycles and so on. If the register was 
set to 0x0000 the rate would be 0%. The relative data transfer rate of the printhead can be varied from 0- 
100% with a granularity of 1/1 6 steps. 



Table 159. Example rate equalization values for common print heads 









6:2 


OxFFFF (100%) 


0x1111 (25%) 


7:3 


OxFFFF (100%) 


0x5551(43.7%) 


6:4 


OxFFFF (100%) 


0xFlF2(68.7%) 


5:5 


OxFFFF (100%) 


OxFFFF (100%) 



If both printhead ICs are the same size (e.g. a 5:5 printhead) it may be desirable to reduce the data rate to 
both printhead ICs, to reduce the read bandwidth from the DRAM. 
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32.4 Dot generate and transmit order 

Several printhead types and arrangements exists (see Section 35 Memjet Printhead) . The PHI is capable of 
driving all possible configurations, but for the purposes of simplicity only one arrangement (arrangement 0 
- see Section 35 Memjet Printhead) is described in the following examples. 



Dot Transmit 
Order ~ 
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O O O O" 
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o o o - 



nrt-l »+3 m+5 



n-6 n*4 n-2 



■o o o o 



n-S »-J it-1 



Type 0 printhead IC 



Type 1 printhead IC 
Paper 



5 Unas 



Paper 
Direction 



M - Midway point in dots 
N - Number of dots in a line 



Note: Paper passing under printhead 



Figure 236. Printhead structure and dot generate order 

The structure of the printhead ICs dictate the dot transmit order to each printhead IC. The PHI accepts two 
streams of dot data from the LLU, one even stream the other odd The PHI constructs the dot transmit 
order streams from the dot generate order received from the LLU. Each stream of data has already been 
arranged in increasing or decreasing dot order sense by the DWU. The exact sense choice is dependent on 
the type of printhead ICs used to construct the printhead, but regardless of configuration the odd and even 
stream should be of opposing sense. 

The dot transmit order is shown in Figure 236. Dot data is shifted into the printhead in the direction of the 
arrow, so from the diagram (taking the type 0 printhead IC) even dot data is transferred in increasing order 
to the mid point first (0, 2, 4, .... m-6, m-4, m-2), then odd dot data in decreasing order is transferred (m-1, 
m-3, m-5,...., 5, 3, 1). For the type 1 printhead IC the order is reversed, with odd dots in increasing order 
transmitted first, followed by even dot data in decreasing order. Note for any given color the odd and even 
dot data transferred to the printhead ICs are from different dot lines, in the example in the diagram they are 
separated by 5 dot lines. Table 1 60 shows the transmit dot order for some common A4 printheads. Differ- 
ent type printheads may have the sense reversed and may have an odd before even transmit order or vice 
versa. 



Table 160. Example printhead ICs, and dot data transmit order for A4 (13824 dots) page 
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Type 0 Printhead IC 


8 


11160 


0.2,4,8 ,5574,5576,5578 


5579,5577,5575 7.5,3,1 


7 


9744 


0,2.4.6 4866,4868,4870 


4871,4869,4867 7,5.3.1 


6 


8328 


0,2,4,8 .4 1 58,41 60,41 62 


4163.4161,4159 7,5.3,1 


5 


6912 


0,2,4,8 3450,3452,3454 


3455.3453.3451 7,5,3,1 


4 


5496 


0.2,4,8 .2742.2744,2746 


2847,2845,2843 7.5,3,1 


3 


4080 


0.2.4.8 ,2034,2036.2038 


2039,2037,2035 7,5.3.1 
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Table 160. Example prlnthead ICs, and dot data transmit order for A4 (13824 dots) page 





mm 


MM 








2 


\ 2664 


10,2,4,8 1326,1328,1330 


1331,1329,1327... 


...7.5,3.1 


Type 1 Prlnthead IC 


8 


11160 


13823,13821.13819.... 


.,1337,1335,1333 


1332.1334.1336... 


...13818.13820.13822 


7 


9744 


13823,13821,13819 


.,2046,2043.2041 


2040,2042,2044... 


...13818,13820,13822 


6 


8328 


13823.13821,13819 


.,2853,2851,2849 


2848.2850.2852... 


...13818,13820,13822 


5 


6912 


13823,13821.13819 


..3461,3459.3457 


3456,3458.3460... 


...13818.13820,13822 


4 


5496 


13823.13821,13819 


.,4169.4167,4165 


4164.4166,4168... 


...13818,13820.13822 


3 


4080 


13823.13821,13819 


.,4877,4875,4873 


4872.4874.4876... 


...13818,13820,13822 


2 


2664 


13823.13821,13819 


.,5585.5583,5581 


5580,5582,5584.... 


...13818,13820,13822 



32.4.1 Dual Prlnthead IC 

Generate dot order (from the LLU) 



Odd Dot stream 
Even Dot stream 



Transmit dot order(to the printhead) 



6912 clock cycles 

Mid 
Point 



Printhead Channel A (93 
Printhead Channel B 



4872 ckx* cycles 



clock cycles ► 



Even dots from Line Y 
Odd dots from Line Y-5 



9744 clock cycles 



Example: Line with 1 3624 dots, with 7:3 printhead 
Figure 237. Dot data generated and transmitted order 



The LLU contains 2 dot generator units. Each dot generator reads dot data from DRAM and generates a 
stream of dots in increasing or decreasing order. A dot generator can be configured to produce odd or even 
dot data streams, and the dot sense is also configurable. In Figure 237 the odd dot generator is configured 
to produce odd dot data in decreasing order and the even dot generator produces dot data in increasing 
order. 

In order to reconstruct the dot data streams from the generate order to the transmit order, the connection 
between the generators and transmitters needs to be switched at the mid point. At line start the odd dot 
generator feeds the type 1 printhead, and the even dot generator feeds the type 0 printhead. This continues 
until both printheads have received half the number of dots they require (defined as the mid point). The 
mid point is calculated from the configured printhead size registers (PrintHeadSize). Once both printheads 
have reached the mid point, the PHI switches the connections between the dot generators and the print- 
head, so now the odd dot generator feeds the type 0 printhead and the even dot generator feeds the type 1 
printhead. This continues until the end of the line. 
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It is possible that both printheads will not be the same size and as a result one dot generator may reach the 
mid point before the other In such cases the quicker dot generator is stalled until both dot generators reach 
the mid point, the connections are switched and both dot generators are restarted. 

Note that in the example shown in Figure 237 the dot generators could generate an A4 line of data in 6912 
cycles, but because of the mismatch in the printhead IC sizes the transmit time takes 9744 cycles. 

| 32.4.2 Single printhead IC 

In some cases only one printhead IC may be connected to the PHI. In Figure 238 the dot generate and 
| transmit order is shown for a single IC printhead of 9744 dots width. While the example shows the print- 

head IC connected to channel A, either channel could be used The LLU generates odd and even dot 
streams as normal, it has no knowledge of the physical printhead configuration. The PHI is configured 
| with the printhead size (PrintHeadSizefJJ register) for channel B set to zero and channel A is set to 9744. 

Generate dot order (from the LLU) 




Printhead Channel B 

wzciock cycles X 4872 clock cydes ► 

9744 dock cydes ► 



Example: Line with 9744 dots, with 7:0 printhead 
Figure 238. Dot data generated and transmitted order (single printhead case) 

Note that in the example shown in Figure 238 the dot generators could generate an 7 inch line of data in 
4872 cycles, but because the printhead is using one IC, the transmit time takes 9744 cycles, the same speed 
as an A4 line with a 7:3 printhead. 

32.4.3 Summary of generate and transmit order requirements 

In order to support all the possible printhead arrangements, the PHI (in conjuction with the LLU/DWU) 
must be capable of re-ordering the bits according to the following criteria: 

* Be able to output the even or odd plane first 

* Be able to output even and odd planes independently. 

* Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 



Even dots from Une Y 

« 

Odd dots from Une Y-5 
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32.5 Print sequence 

The PHI is responsible for accepting dot data streams from the LLU, restructuring the dot data sequence 
and transferring the dot data to each printhead within a line time (i.e before the next line sync). 

Before a page can be printed the printhead ICs must be initialized. The exact initialization sequence is con- 
figuration dependent, but will involve the fire pattern generation initialization and other optional steps. The 
initialization sequence is implemented in software. 

Once the first line of data has been transferred to the printhead, the PHI will interrupt the CPU by asserting 
the phi_icu_print_rdy signal. The interrupt can be optionally masked in the ICU and the CPU can poll the 
signal via the PCU or the ICU. The CPU must wait for a print ready signal in all printing SoPECs before 
starting printing. 

Once the CPU in the PrintMaster SoPEC is satisfied that printing should start, it triggers the LineSync- 
Master SoPEC by writing to the PrintStart register of all printing SoPECs. The transition of the PrintStart 
register in the LineSyncMaster SoPEC will trigger the start of Isyncl pulse generation. The PrintMaster 
and LineSyncMaster SoPEC are not necessarily the same device, but often are the same. For a more in 
depth definition see section 123 Multi-SoPEC systems on page 104. 

Writing to the PrintStart register generates a pulse which is used to generate the line sync in the LineSyn- 
cMaster which is in turn used to align all SoPECs in a multi-SoPEC system All printhead signaling is 
aligned to the line sync. The PrintStart is only used to align the first line sync in a page. 

When a SoPEC receives a line sync pulse it means mat the line previously transferred to the printhead is 
now printing, so the PHI can begin to transfer the next line of data to the printhead. When the transfer is 
complete the PHI will wait for the next line sync pulse before repeating the cycle. If a line sync arrives 
before a complete line is transferred to the printhead (i.e. a buffer error) the PHI generates a buffer under- 
run interrupt, and halts the block. 

For each line in a page the PHI must transfer a full line of data to the printhead before the next line sync is 
generated or received. 



32.5.1 Sync pulse control 

If the PHI is configured as the LineSyncMaster SoPEC it will start generating line sync signals LsyncPre 
number of phiclk cycles after PrintStart register rising transition is detected. All other signals in the PHI 
interface are referenced from the falling edge of phijsyncl signal. 

If the SoPEC is in line sync slave mode it will receive a line sync pulse from the LineSyncMaster SoPEC 
through the phijsyncl pin which will be programmed into input mode. The phijsyncl input pin is treated 
as an asynchronous input and is passed through a de-glitch circuit of programmable de-glitch duration 
(LsyncDeglitchCnt). 

The phijsyncl will remain low for LsyncLow cycles, and then high for LsyncHigh cycles. The phijsyncl 
profile is repeated until the page is complete. The period of the phijsyncl is given by LsyncLow + Lsyn- 
cHigh cycles. Note that the LsyncPre value is only used to vary the time between the generation of the first 
phijsyncl and the PageStart indication from the CPU. See Figure 239 for reference diagram. 

If the SoPEC device is in line sync slave mode, the LsyncMinPeriod register specifies the minimum 
allowed phijsyncl period Any phijsyncl pulses received before the LsyncMinPeriod has expired will 
trigger a buffer underrun error. 



32.5.2 Shift register signal control 



Once the PHI receives the line sync pulse, the sequence of data transfer to the printhead begins. All PHI 
control signals are specified from the falling edge of the line sync. 
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The phijsrclk (and consequently phi_ph_datd) is controlled by the SrcikPre, SrclkPost registers. The 
SrcikPre specifies the number of phiclk cycles to wait before beginning to transfer data to the printhead. 
Once data transfer has started, the profile of the phijsrclk is controlled by PrintHeadRate register and the 
status of the PHI input FIFO. For example it is possible that the input FIFO could empty and no data 
would be transferred to the printhead while the PHI was waiting. After all the data for a printhead is trans- 
ferred to the PHI, it counts SrclkPost number of phiclk cycles. If a new phijsyncl falling edge arrives 
before the count is complete the PHI will generate a buffer underrun interrupt [ph ijcujunderrun) . 



32.5.3 Firing sequence signal control 



PrintStarl Edo« 



The profile of the phijrclk pulses per line is determined by 4 registers FrclkPre, FrclkLow, FrclkHigh, 
FrclkNum, The FrclkPre register specifies the number of cycles between line sync felling edge and the 
phijrclk pulse high. It remains high for FrclkHigh cycles and then low for FrclkLow cycles. The number 
of pulses generated per line is determined by FrclkNum register. 

The phi^profile pin is specified in a similar manner by the ProfilePre, ProfileLow, ProfileHigh, ProfileNum 
registers. 

The phijrclk period and the phi_profile period should be programmed the same, so FrclkHigh + FrclkLow 
should equal the ProfileHigh + ProfileLow, and the number of cycles for each in a line time should also be 
equal i.e. FrclkNum = ProfileNum. 

The total number of cycles required to complete a firing sequence should be less than the phijsyncl period 
i.e. {{ProfileHigh + ProfileLow) * ProfileNum)-*- ProfilePre < {LsyncLow + LsyncHigh). 

^ LsyncPre 

M 



LsyncPeriod 



'^LsyrKLo*^ 



LsyncHigh 



phijsynd 



J 



phi_srctk 



phi_jjh_data 



phijrclk 



phLprofilo_ 



, SrcikPre 



^ SfdkPost ^ 



FrclkPre 



FrclkHigh FrclkLow 



j — i r 



ProfilePre 



ProffleHigh 



ProfileLow 
<— — K. 



J 1 f 



Figure 239. Printhead interface timing parameters 



Figure 239 details the timing parameters controlling the PHI. All timing parameters are measured in num- 
ber of phiclk cycles. 



32.5.4 Page complete 



The PHI counts the number of lines processed through the interface. The line count is initialised to the 
PageLenLine and decrements each time a line is processed. When the line count is zero it pulses the 
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phijcujpagejinish signal A pulse on the phijcu^pagejinish automatically resets the PHI Go register, 
and can optionally cause an interrupt to the CPU. Should the page terminate abnormally, i.e. a buffer 
underrun, the Go register will be reset and an interrupt generated. 



The PHI will generate an interrupt to the CPU after a predefined number of line syncs have occured. The 
number of line syncs to count is configured by the LineSyncInterrupt register. The interrupt can be dis- 
abled by setting the register to zero. 



The PHI block allows the generation of margins either side of the received page from the LLU block. This 
allows the page width used within PEP blocks to differ from the physical printhead size. 

This allows SoPEC to store data for a page minus the margins, resulting in less storage requirements in the 
shared DRAM and reduced memory bandwidth requirements. The difference between the dot data line 
size and the line length generated by the PHI is the dot line margin length. There are two margins specified 
for any sheet, a margin per printhead IC side. 

The margin value is set by programming the Dot Margin register per printhead IC. It should be noted that 
the DotMargin register represents half the width of the actual margin (either left or right margin depending 
on paper flow direction). For example, if the margin in dots is 1 inch (1600 dots), then DotMargin should 
be set to 800. The reason for this is that the PHI only supports margin creation cases 1 and 3 described 
below. 



32.5.5 Line sync interrupt 



32.6 



Dot line margin 
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See example in Figure 240. 



Margin 
(200<tots) 
H ►re- 



print area(4772 dots) 




Type 0 Head IC (9744 dots) 



Type 1 Head IC (4080 dots) 
paper 



Paper 

Direction 



Isyncf |__T 



UUdaia- 
phLpti_data _ 
pM_srcfc " 

Case 2 

LLUdata- 



phi_ph_data m 
Case3 

LLU data - 
phi_ph_data _ 



ipo dots 



_r 



9544 dots 





Figure 240- Printhead timing with margining 



In the example the margin for the type 0 printhead IC is set at 100 dots (DotMargin^lQO), implying an 
actual margin of 200 dots. 

If case one is used the PHI takes a total of 9744 phijsrclk cycles to load the dot data into the type 0 print- 
head. It also requires 9744 dots of data from the LLU which in turn gets read from the DRAM. In this case 
the first 100 and last 1 00 dots would be zero but are processed though the SoPEC system consuming mem- 
ory and DRAM bandwidth at each step. 

In case 2 the LLU no longer generates the margin dots, the PHI generates the zeroed out dots for the mar- 
gining. The /?A/_*ncM; still needs to toggle 9744 times per line, although the LLU only needs to generate 
9544 dots giving the reduction in DRAM storage and associated bandwidth. The case 2 senario is not sup- 
ported by the PHI because the same effect can be supported by means of case 1 and case 3. 

If case 3 is used the benefits of case 2 are achieved, but the phi^srelk no longer needs to toggle the full 
9744 clock cycles. The phi_srclk cycles count can be reduced by the margin amount (in this case 9744- 
100-9644 dots), and due to the reduction inphi_srclk cycles the phijsyncl period could also be reduced, 
increasing the line processing rate and consequently increasing print speed. Case 3 works by shifting the 



Doc: SoPEC_hardware_design 
Version: 2.3 



S3 Proprietary Document 



£B Nov 2002 
Page 508 




SoPEC : Hardware Design 



odd (or even) dots of a margin from line Y to become the even (or odd) dots of the margin Y-4, (Y-S 
adjusted due to being printed one line later). This works for all lines with the exception of the first line 
where there has been no previous line to generate the zeroed out margin. This situation is handled by add- 
ing the line reset sequence to the printhead initialization procedure, and is repeated between pages of a 
document. See section 32.8.3 on page 512. 

32.7 Dot counter 

For each color the PHI keeps a dot usage count for each of the color planes (called AccumDotCount). If a 
dot is used in particular color plane the corresponding counter is incremented. Each counter is 32 bits wide 
and saturates if not reset. A write to the DotCountSnap register causes the AccumDotCount[N] values to 
be transferred to the DotCount[NJ registers (where N is 5 to 0, one per color). The AccumDotCount regis- 
ters are cleared on value transfer. 

The DotCountfN] registers can be written to or read from by the CPU at any time. On reset the counters 
are reset to zero. 

The dot counter only count dots that are passed from the LLU through ther PHI to the printhead. Any dots 
generated by direct CPU control of the PHI pins will not be counted. 

32.8 CPU IO CONTROL 

The PHI interface provides a mechanism for the CPU to directly control the PHI interface pins, allowing 
the CPU to access the bi-lithic printhead: 

• Detennine printhead temperature 

• Test for and determine dead nozzles for each printhead IC 

• Printhead IC initialization 

• Printhead pre-heat function 

The CPU can gain direct control of the printhead interface connections by setting the PrintHeadCpuCtrl 
register to one. Once enabled the printhead bits are driven directly by the PrintHeadCpuOut control regis- 
ter, where the values in the register are reflected directly on the printhead pins and the status of the print- 
head input pins can be read directly from the PrintHeadCpuIn. The direction of pins is controlled by 
programming PrintHeadCpuDir register. The register to pin mapping is as follows: 



Table 161. CPU control and status registers mapping to printhead Interface 







immmmmmwmm 


PrintHeadCpuOut 


1:0 


phi_ph_data_p[0][1 :0] | 




32 


phr_ph_data_o(1 J[1 :0] 




4 


phlJsyncLo 




5 


phLreadl 




7.-6 


phLsrclkD :0] 




8 


phfjrclk 




9 


phi_profiIe 
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Table 161. CPU control and status registers mapping to prlnthead Interface 





vsn 




PrintHeadCpuDir 


1:0 


phij)h_data_e(0][1.*0] direction control. 
1 - output mode 
0- input mode 




3:2 


phi_ph_data_e(1 J(1 :01 direction control 
1 - output mode 

0 - input mode j 




4 


phlJsyncLe direction control 
1 • output mode 
0 - input mode 


PrintHeadCpuln 


IsO 


pnLph_dataJ[0][l:0] 




3:2 | 


pni_ph_data_i[1J[1:0) 




4 


phl_lsyncU 



It is important to note that once in PrintHeadCpuCtrl mode it is the responsibility of the CPU to drive the 
printhead correctly and not create situations where the printhead could be destroyed such as activating all 
nozzles together. 

Note the following procedures are based on current printhead capabilities, and are subject to change. 

32.8.1 Dead nozzle information capture 

The CPU (via the direct printhead control mechanism) has the capability of testing each of the nozzles in 
the printhead and detenriining which nozzles are dead, the resultant dead nozzle information is processed 
by the CPU to generate the dead nozzle table used by the DNC. 

32.8.1.1 Nozzle test procedure 

The nozzle test software must first initialize the fire pattern generator for each printhead IC as normal, then 
it must initialize the fire pattern register as normal. The fire partem generator parameters must be chosen 
so as to create a fire pattern where only one nozzle is firing at a time. 

For example if the printhead is constructed with a 7:3 configuration where the left printhead is 7 inches 
and the right 3 inches. The fire pattern length is equal to the number of dots in a half line (NLEN=n- 
1, where n = 9744 / 2 = 4872), the COUNT- 1 and B=0. The fire generator in the printhead needs to be ini- 
tialized with NLEN=4871, COUNT- 1, B=0. See Section 32.8.4 for exact details on how to program the 
fire pattern generator. 

Once the generator is setup the nozzle test software puts the printhead into FIR£_GEN mode and the fire 
pattern is loaded into the fire shift registers. 

The next step is to load the dot data shift registers with a test pattern. Any test pattern could be used it 
should be chosen so as to allow only one color to fire at a time. Once the printhead shift registers are ini- 
tialized the software can begin the nozzle test sequence. 

The printhead is put in FIRE_GEN mode which resets the test circuit, both phi_srclk and phijrclk are held 
inactive. After a pre-determined time the printhead is put in TEST_MODE where the nozzle is tested. 
The test software toggles phi^proJUe output pin and then samples the test result on the phi _ph_data pin. 
The test software then generates one phijrclk pulse to advance the fire partem and repeats the profile 
pulse and test result capture as before. This procedure is repeated for all dots in the half dot line. Once the 
test result for a particular dot line is complete the whole procedure is repeated 1 2 times once for each half 
dot line. 
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The dead nozzle software collates all the nozzles test results and produces the dead nozzle table for use by 
theDNC. 



FIRE INIT 



► 4 SOI GEN NORMAL ^ flRE GEN ^ JEST MQD^ ^IRE_GEN ^ ^EST_MOgE 



pNJsync]__ 
phUeadi 



1 



J 



phi_s/cfk 




i 




phUrc* 




n 


• * 


phUrofile f] 



phl_ph_data(01 [ 



Rre Init data 



Test pattern Data 



leal 



Nozzle test resiit 



Test Repeated Nozzle times 



Figure 241, Nozzle Test Modes & Setup 



32.8.2 Temperature capture 



Occasionally the CPU will need to sample the printhead temperature and possibly adjust the firing profile 
based on the result. 

To capture the printhead temperature, the printhead must be put into TEST.MODE, and the 
phijph_data_i pin input mode. The CPU will toggle the phijrclk and then sample the phi _ph_dataj to 
capture the temperature data. The cycle is repeated N times, and the N bits of data are used to generate the 
printhead temperature value. The temperature capture waveform is shown in Figure 242. 

The exact number of bits required (i.e. N) and the temperature value generation mechanism is currently 
undefined. 



phijsyncl " 
phi_readl * 



TEST_MODE 



pW.frdk 



Clock 0 Clock 1 



L 



Clock N 



.J 



phUh^data_l[1] invalid \ Data 0 X Data 1 j \\\\\\\\\\\\\\\\\\ X Data N \ invalid 
phLsrdk 



Wphidk Clock 
Cycles 



Figure 242. Temperature Capture Waveform 
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32.8.3 Printhead initialization procedure 

In order to use the printhead for the first time the CPU must download parameters for controlling the fire 
pattern generator. The download is performed by entering the FIRJEJNIT mode and data is transferred 
torough thephi^pk_,data[l:OJ[0] pins (one pin per printhead IC) and clocked into the printhead on the ris- 
ing edge of phi Jrclk. In total 29 clock cycles are required to transfer the full set of parameters. 



Table 162. Parameters for Fire Pattern Initialization 



0 




Hi 




)£MMmm®m. mmm. 


NL£N 


14 


Fire pattern length. Values defines the length of the fire pat- 
tern. NLEN=N-1 where N Is the pattern length. 


COUNT 


14 


Defines the remaining number of dock cycles required to 
generate the Fire Pattern. Is given by COUNT= (Ljj/2) Mod 
N -1 where is the dot length of longer printhead or 
COUNT= (l_a - 1^ -((L* 12) mod N)) Mod N -1 for the shorter 
printhead 


B 


1 


Select shift register inversion bit. 



Once the generator is initialized the fire pattern and select pattern need to be created and shifted into their 
respective shift registers. The printheads are put into FIREJ3EN mode and the phi Jrclk is toggled 1^ 
times, where L a is the length of the longer printhead in dots. As phi Jrclk is a common signal for both 
printheads it means that if the printhead ICs are of different length one printhead IC will get clocked too 
many times by phi Jrclk. The fire pattern generator internal in each printhead IC takes account of this. See 
Section 32.8.4 Fire pattern generator. 

If dot line m argi ning is to be used the dot data registers in the margining region in the printhead IC need to 
be initialized to zero before any line is printed. See section 32.6 on page 507 for a full explanation of dot 
line margin setup. The CPU does this by entering NORMAL_MODE and fills the dot data shift register 
with zeros. This is performed by clocking the phi_srclk to each printhead dot margin times for the each 
printhead IC. As phijsrclk is not common to both printhead ICs the number of clock cycles can be differed 
to each printhead IC. 

Once the printhead initialization is complete control of the printhead can be released to the PHI to allow 
printing to begin. 

32.8.4 Fire pattern generator 

The fire pattern generator is logic within each printhead IC used to generate the fire pattern and the select 
shift pattern. The fire pattern generator must be initialized by the SoPEC device before a page can be 
printed. The SoPEC uses the CPU direct IO control of the printhead pins to download the initialization 
parameters and generate the initialization sequence. 
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32.9 Implementation 

32.9.1 Definitions of I/O 



Table 163. Printhead Interface I/O definition 



lisaifiiPKF 








Clocks and Resets 


pdk 




fn 


System Clock 


phiclk 




In 


Printhead interface dock {doc/k/3) used to transfer data from pdk to 
docffr domains 


dodk 




In 


Data out dock (2x pdk) used to transfer data to printhead 


prst_n 




In 


System reset, synchronous active low. Synchronous to pdk 


phirst_n 




In 


System reset, synchronous active low. Synchronous to phidk 


dorst_n 




fn 


System reset, synchronous active low. Synchronous to dcctk 


General 


phijcu_print_rdy 




Out 


Indicates that the first line of data Is transferred to the printhead 
Active high. 


phi_lcu_page_finish 




Out 


Indicates that data for a complete page has transferred. Active high 


phUcu_underrun 




Out 


Indicates the PHI has detected a buffer underrun. Active high 


phycujinesyncjnt 




Out 


Indicates the PHI has detected UneSynctntenvpt number of line 
syncs. 


Debug 








debug_data_outt2:0] 


3 


In 


Output debug data to be muxed on to the PHI pins 


debug_cntri[2:0} 


3 


In 


Control signal tor each PHI bound debug data tine Indicating 
whether or not the debug data should be selected by the pin mux 


LLU Interface 


Hu_phLdata(1:0][5:0l 


2x6 


Out 


Dot Data from LLU to the PHI, each bit is a color plane 5 downto 0. 
Bus 0 - Even dot data stream 
Bus 1 - Odd dot data stream 

Data is active when corresponding bit is active in flu _pht_availbus 


Phijlu_ready(1:0] 


2 


In 


Indicates that PHI is ready to accept data from the LLU 

0 - Even dot data stream 

1 - Odd dot data stream 


Ku_j>hi_availJ1:0J 


2 


Out 


Indicates valid data present on corresponding Uu _j)hi_data. 

0 - Even dot data stream 

1 - Odd dot data stream 


Printhead Interface ; 


phLph_dataJ[1 :0]{1 :0] 


2x2 


In 


Dot data input from printhead. 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi_ph_data_o(1 :0]£1 :0] 


2x2 


Out 


Dot data output to printhead. Each bus to each printhead contains 2 
bits of data 

Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phLph_data_e[1 :0][1 :0J 


2x2 


Out 


Dot data direction control. Pin is driving when high 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 


phi_srdk[1:0] 


2 


Out 


Dot data shift dock used to dock in printhead data 
Bus 0 - Printhead channel A 
Bus 1 - Printhead channel B 
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Table 163. Prlnthead interface I/O definition 









phi_readl 


1 


Out 


Common prlnthead mode control. Used in conjunction with 
phLfsynci to determine the prlnthead mode 

0 - SoPEC receiving, prlnthead driving 

1 - SoPEC driving, printhead receiving 


phLfrclk 


1 


Out 


Common Fire pattern clock needs to toggle once per fire cycle 


phi_profiie 


1 


Out 


Common pulse profile for all colors 


pruJsynd_o 


1 


Out 


Capture dot data tor next print line, output mode 


phiJsyncLe 


1 


In 


phijsynct output enable, when high phijsynd pin is driving 


phijsyndj 


1 


In 


Une Sync Pulse from Master SoPEC 


PCU Interface 


pcu_phi_sel 


1 


In .. 

i 


Block select from the PCU. When pcu _phi_sel is high both pcu adr 
and pcu^dataoutare valid. 


pcu_rwn 


1 


In . 


Common read/not-write signal from the PCU. 


pcu_adr[7:2] 


6 


In 


PCU address bus. Only 6 bits are required to decode the address 
space for this block. 


pcu_dataout[31:0] 


32 


In 


Shared write data bus from the PCU. 


phi_pcu_rdy 


1 


Out 1 


Ready signal to the PCU. When phijpcujrdy is high it indicates the 
last cycle of the access. For a write cycle this means pcujdataouX 
has been registered by the block and for a read cycle this means 
the data on phl_pcv_data is valid. 


phi _pcu_data(31 :0] 


32 


Out | Read data bus to the PCU. 
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32.9.2 PHI sub-block partition 



Line Loader Unit (LLU) 



debujLcntrt— * 
debug data out- 




1} pdk domain {160 Mha) 



docik domain (320 Mhz) 



i phlcflc domain (106 Mhz) 



Figure 243. PHI block partition 



32.9.3 Configuration registers 
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The configuration registers in the PHI are programmed via the PCU interface. Refer to section 21.8.2 on 
page 257 for a description of the protocol and timing diagrams for reading and writing registers in the PHI. 
Note that since addresses in SoPEC are byte aligned and the PCU only supports 32-bit register reads and 
writes, the lower 2 bits of the PCU address bus are not required to decode the address space for the PHI. 
When reading a register that is less than 32 bits wide zeros should be returned on the upper unused bit(s) 
ofphi_pcu_data. Table 164 lists the configuration registers in the PHI 



Table 164. PHI registers description 









Control Reg 


Isters 








0x00 


Reset 


1 


0x1 


Active low synchronous reset, self de-activating. A 
write to this register wfO cause a PHI btock reset 


0x04 


Go 


1 


0x0 


Active high bit indicating the PHI is programmed 
and ready to use. A low to high transition will cause 
PHI block Internal state to reset. Will be automati- 
cally reset if a page finish or a buffer underrun is 
detected. 


General Con 


tool 


0x08 


PageLenUne 


32 


0x0000 
_0000 


Specifies the number of dot lines in a page. 


0x0c 


PrintStart 


1 


0x0 


A low to high transition triggers printing to start 
Only active In Master Mode 


0x10-0x14 


DotMargln 


2x16 


0x0000 


Specifies for each printhead IC, the width of the 
margin in dots divided by 2. 

0 - Printhead IC Channel A 

1 - Printhead IC Channel B 


Ox18-0x2C 


DotCount[5:0) 


6x32 


0x0000 
_0000 


Indicates the number of Dots used for a particular 
color, where N specifies a color from 0 to 5. Value 
valid after a write access to DotCountSnap 


0x30 


DotCountSnap 


1 


0x0 


Write access causes the AccumDotCount values to 
be transferred to the DotCount registers. The 
AccumDotCount are reset afterwards. 


0x34 


PhiHeadSwap 


1 


0x0 


Controls which signals are connected to printhead 
channels A and B 

0 - Normal, specifies bit 0 is channel A, bit 1 Is 
channel B 

1 - Swapped, specifies bit 0 is channel B, bit 1 is 
channel A. 


0x38 


PhtMode 


1 


0x0 


Indicates whether the PHI is operating in master or 
slave mode 

0 - Slave Mode 

1 - Master Mode 


0x3C-0x40 


PhiSerialOrder 


2x1 


0x0 


Specifies the serialization order of dots before 

transfer to the printhead. 

Bus 0 - Printhead Channel A 

Bus 1 - Printhead Channel B 

A 0 Indicates order ABC, while 1 indicates CBA 
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Table 164. PHI registers description 





















0x44-0x48 


PrintHeadSizo 


2x16 


0x0000 


Specifies the number of non-margin dots in the 

printhead ICs. If margining is to be used then the 

configured PrintHeadSizo should be adjusted by the 

dot margin value i.e. PrintHeadSizo » (Physical- 

PrintHeadSize - {DotMargin • 2)). 

Bus 0 - Specifies printhead on Channel A 

Bus 1 - Specifies printhead on Channel B 


CPU Direct PHI Control (See Table 161.) 


0x4C 


PrintHeadCpuIn 


5 


0x00 


PHI Interface pins input status. Only active in direct 
CPU mode 


0x50 


PrintHeadCpuDir 


5 


0x00 


PHI interface pins direction control. Only active in 
direct CPU mode 


0x54 


PrintHeadCpuOut 


10 


0x000 


PHI interface pins output control. Only active in 
direct CPU mode 


0x58 


PrintHeadCpuCtrl 


1 


0x0 


Control direct access CPU access to the PHI pins 

0 - Normal Mode 

1 - Direct CPU Control mode 


Line Sync Control 


OxSC 


LsyncLow 


16 


0x0000 


Number of phidk cycles phLisynd should remain 
low. 


0x60 


LsyncHigh 


16 


0x0000 


Number of phidk cycles phijsynd should remain 
high. 


0x64 


LsyncPre 


16 


0x0000 


Number of phidk cycles between PrintStart rising 
transition and the generated phijsynd falling edge 


0x68 


LsyncMin Period 


24 


0x00_0 
000 


Minimum number of phidk cycles between Lsync 
pulses. Lsync pulses of a shorter period will be 
rejected. Only used in slave mode. 


0x6C 


LsyncOeglitchCnt 


4 


0x3 


Number of phidk cycles to filter the incoming Lsync 
pulse from the master. Only used in slave mode. 


0X70 


UneSyncfnterrupt 


16 


0x0000 


Number of line syncs to occur before generating an 
Interrupt. When set to zero interrupt Is disabled. 


Shift Register Control 


0x74 


SrclkPre 


14 


0x0000 


Number of phidk cycles between phi_fsynd falling 
edge and phLsrdk pulse generation, or printhead 
data transfer 


0x78 


SrcikPost 


14 


0x0000 


Number of phidk cycles allowed margin from last 
srdk pulse in a line to before next line sync 


0x7C-0x80 


PrintHeadRate[1:0) 


2x16 


OxFFFF 


Specifies the active to inactive ratio of phLsrdkfot 
the printhead ICs. A 1 Indicates Active. 
Bus 0 - Printhead IC channel A 
Bus 1 - Printhead IC channel B 


0x84 


DotOrderMode 


1 


0x0 j 


Specifies the dot transmit order to the printhead 
Channel A. Printhead Channel B is always the 
opposing order. 

0 - Even before Odd dots I 

1 - Odd before Even dots 


Fire Control 


0x88 


Profile Pre 


14 


0x0000 


Number of phidk cycles pNjsynd tailing edge and 
phi_profile pulse generation | 
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Table 164. PHI registers description 











0x8C 


ProfiJeLow 


14 


0x0000 


Number of pNdk cycles phLprofite should remain 
low. 


0x90 


ProfileHigh 


14 


0x0000 


Number of phidk cycles phi^pmfile should remain 
high. 


0x94 


ProfileNum 


16 


0x0000 


Number of profile pulses per One time. 


0x98 


FrclkPre 


14 


0x0000 


Number of phidk cycles phi_tsynd failing edge and 
phijrdk pulse generation 


0x9C 


FrclkLow 


14 


0x0000 


Number of phidk cycles phl_frdk should remain 
low. 


OxAO 


FrcJkHigh 


14 


0x0000 


Number of p/i/c/* cycles phLfrdk should remain 
high. 


0xA4 


FrclkNum 


16 


0x0000 


Number of phijfrdk pulses per line time. 


Working Reg 


[stem 


OxAfl-OxAC 


UneDotCnt 


2x16 


0x0000 


Indicates the number of dot processed in the cur- 
rent line 

Bus 0 - Printhead Channel A 
Bus 1 - Printhead Channel B 
(Read Only Registers) 


OxBO 


UneCnt 


32 


0x0000 

_oooo 


Indicates the number of lines processed in this page 
(Read Only Register) 



The configuration registers in the PHI block are clocked at pclk rates but several blocks in the PHI are 
clocked by different and asynchronous clocks. Configuration values are not re-synchronized, it is therefore 
important that the Go register be set to zero while updating configuration values. This prevents logic from 
entering unknown states due to metastable clock domain transfers. 

Some registers can be written to at any time such as the direct CPU control registers (PrintHeadCpuJn, 
PrintHeadCpuDir y PrintHeadCpuOut and PrintHeadCpuCtrt), the Go register and the PrintStart register. 
All registers can be read from at any time. 

When one of the direct CPU control registers are written to the configuration registers block generates a 2 
cycle pulse (cpu_io_wr) which is used to transfer the pin control signals from the pclk domain to the phidk 
domain. The cpu_io_wr signal is a delayed version of the write enable from the CPU. 



32.9.4 Dot counter 



The dot counter keeps a running count of the number of dots fired for each color plane. The counters are 
32 bits wide and will saturate. When the CPU wants to read the dot count for a particular color plane it 
must write to the DotCountSnap register. This causes all 6 running counter values to be transferred to the 
DotCount registers in the configuration registers block. The running counter values are reset ' 
// reset if being snapped 
if <dot_cnt_snap == 1) chen{ 

dot_count[5:0J « accum.dot_count [5 : OJ 

accun^do t^count [5:0] = 0 

) 

// update the counts 

for <color=0; color < 6;color++) { 

if (accuxn_dot_count [color) != Oxffff_ffff) { 
// data valid, first dot stream 

data_valid = ( <phi_llu_ready [0 ] == 1) AND (llu_phi_avail ( 0 ) == 1)) 
if <<data_valid == 1) AND (llu_phi_data 10) [color] == 1)) then 
accuitudot^ount (color] ++ 
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// data valid, second dot stream 

data_valid = ( <phi_llu_ready (1] == 1) AND ( Uu_phi_avail [ 1] == 1) > 
if < <data_valid == 1) AND Ulu_phi_data (1] {color] == 1)) then 
accunudot_count [color] ++ 

> 

> 

32.9.5 Sync generator 

The sync generator logic has two modes of operation, master and slave mode. In master mode (configured 
by the PhiMode register) it generates the Isyncl^o output based on configured values and control triggers 
from the PHI controller. In slave mode it de-glitches the incoming IsynclJ signal, and filters the Isyncl sig- 
nal with the minimum configured period. 



<~~ NtsyncCo-1 
Reset 



count- I { ' 



bytk tn-=1 AND 
pffl modft— -master 

count - lsync_pre 



SyncPre 



3 A ND l a: 



count m tsyncj 
t.t 



Bnajt. 



a 



tsyncLo - 1 



^SyncWait^4- 



COunt m tsvnc Jow 
st-1 



ln«_8t- 



count- 



counti»Q 



> 



tsvnc putae— 1 



Sno_« 



J_min_pertoo* 



SyncLow ) byncCo - 0 



^ ^yncPeriod^ 



Machine remains in same state by default 
Ail outputs are zero unless otherwise stated 
State Description: 
Reset Normal reset state 

SyncPre: Count the LsyncPre number of clock cycles 
SyncLow: Count the LsyncLow number of clock 
cycles 

SyncHigh: Count the LsyncHigh number of clock 
cycles 

SyncWait Wart for an Input Isync pulse 

SyncPeriod: Count the LsyncMinperiod number of dock 
cycles 



count - teync_Nflh 



^ ^SvncHigh^ ) 



count a lsync_cnin_pofiod 



teync pdsft—.l AMD counts 
sync_CfT "1 



fsyncr.o* 1 



To Reset State 



coum~fl AND last Bpe.«!l 



Figure 244. Sync generator state diagram 



After reset or a pulse on phi_go_pulse the machine returns to the Reset state, regardless of what state it's 
currently in. 

The state machine waits until it's enabled (sync_en=\) by the PHI controller state machine. When 
enabled it can proceed to the SyncPre or SyncWait depending on whether the state machine is configured 
in master or slave mode. In master mode it generates the Isyncl pulses, in slave mode it receives and filters 
the Isyncl pulses from the master sync generator. 

On transition to the SyncPre state a counter is loaded with the LsyncPre value, and while in the SyncPre 
the counter is decremented When the count is zero the machine proceeds to the SyncLow state pulsing the 
line_st signal on transition and loading the counter with LsyncLow value. This indicates to the PHI con- 
troller the line start aligned to the Isyncl negative edge. 
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The machine waits in the SyncLow state until the counter has decremented to zero. It proceeds to the Syn- 
cHigh state and counts LsyncHigh number of cycles. While in LsyncLow state the lsyncl_o output is set to 
0 and in SyncHigh the lsyncl_o output is set to 1 . 

When the count is zero and the current line is not the last (lastjine 0), the machine returns to the Syn- 
cLow state to begin generating a new line sync pulse. The transition pulses the linejst signal to the PHI 
controller. 

The loop is repeated until the current line is the last (lastjine =1), and the machine returns to the Reset 
state to wait for the next page start 

In slave mode the state machine proceeds to the SyncWait state when enabled It waits in this state until a 
Isync^pulse is received from the input de-glitch circuit. When a pulse is detected the machine jumps to the 
SyncPeriod state and begins counting down the LsyncMinPeriod number of clock cycles before returning 
to the SyncWait state. On transition from the SyncWait to the SyncPeriod state the line ^st signal to the PHI 
controller is pulsed to indicate the line start. While in the SyncPeriod state if a Isync _jmlse is detected the 
state machine will signal a sync error (via sync_err) to the PHI controller and cause a buffer underrun 
interrupt. 



32.9.5.1 Lsyncl input de-glitch 

The Isync J input is considered an asynchronous input to the PHI, and is passed through a synchronizer to 
reduce the possibility of metastable states occurring before being passed to the de-glitch logic. 

The input de-giitch logic rejects input states of duration less than the configured number of clock cycles 
(lsync_deglitch_cnt) 9 input states of greater duration are reflected on the output, and are negative edge 
detected to produce the Isync^pulse signal to the main generator state machine. The counter logic is given 
by 

if ( lsync_i != lsync_i_delay) then 

cnt & lsync_deglitch_cnt 

output_en = 0 
elsif (cnt « 0 ) then 

cnt = cnt 

output_en = 1 
else 

cnt 

output_en = 0 



synchonfzer 



IsyncJ . 



IsyncJ.detay 



Counter 
Logic 



Isync_degtttch_cnt - 



< 7^ 



Compare 

— z — 



Pulse 
Generator 



lsync_pulse 



Figure 245. Line sync de-glitch RTL diagram 



32.9.5.2 Line Sync Interrupt logic 



The line sync interrupt logic counts the number of line syncs that occur (either internally or externally gen- 
erated line syncs) and determines whether to generate an interrupt or not. The number of line syncs it 
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counts before an interrupt is generated is configured by the LineSyncInterrupt register. The interrupt is dis- 
abled if LineSyncInterrupt is set to zero. 
// implement the interrupt counter 
if <phi_go_pulse ==1) then 

line_count = 0 
elsif <line_st == 1) AND (line_count == 0)) then 

line^count « linecount_int 
elsif ((line_st == 1) AND (line_count I- 0)) then 

line_count — 
// determine when to pulse the interrupt 
if (linesync_int 0 ) then // interrupt disabled 

phi_icu_linesync_int = 0; 
elsif ((line_st == 1) AND (line_count == 1)) then 

phi_icu_linesync_int = 1 



32.9.6 Fire generator 



The fire generator block creates the signal profile for the phijrclk and phi ^profile signals to the printhead. 
The profile is based on configured values and is timed in relation to the fire _sync pulse from the PHI con- 
troller block. 



Reset Oft pftl pq ouh^i 



count wO 



Reset ^ 



firo_fdy- 1 



count = trdk._pro 



courrtl-0 
count 



pN_frc*-0 



CQLHTt-=Q 

count - (n#c w high 



courrtVO 
count 



1 wnnii-iiviwi 

^ I ( RreHlgh J i*u>e*-i 



count « ffu0<_io»w 



count 



g> [^J^ RreLow ^ 



CPUnt^Q AND 



Machine remains in same state by default 
All outputs are zero unless otherwise stated 
State Description: 
Reset: Normal reset state 

RrePre: Count the FrdkPre number of dock cycles, 
repeat oount set to FrdkNum 

RreHigh: Count the FrdkHigh number of dock cydes 

RreLow: Count the FrdkLow number of clock cydes 



Figure 246. Fire generator state diagram 



The fire generator consists of 2 identical state machines for creating the phi Jrclk and phi_profile signals 
respectively. 



The machine is reset to the Reset state when phi_go _pulse 1 
rent state. 



3 1 or the reset is active, regardless of the cur- 



The machine waits in the reset state until it receives a fire_st pulse from the PHI controller. The controller 
will generate afire_st pulse at the beginning of each dot line. On the state transition the cycle counter is 
loaded with the FrdkPre value and the repeat counter is loaded with the FrdkNum value. 
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The state machine waits in the FirePre state until the cycle counter is zero, after which it jumps to the Fire- 
High state and loads the cycle counter with FrclkHigh value. Again the state machine waits until the count 
is zero and then proceeds to the FireLow state. On transition the cycle counter is loaded with the FireLow 
value. The state machine waits in the FireLow state while the cycle counter is decremented. 

When the cycle counter reaches zero and the repeatjzount is non-zero, the repeat_count is decremented, 
the cycle counter is loaded with the FrclkHigh value and the state machine jumps to the FireHigh state to 
repeat the phijrclk generation cycle. The loop is repeated until the repeat_count is zero. In such cases the 
state machine goes to the reset state and waits for the next fire_st pulse. 

When in the Reset state thcfire__rdy signal is active to indicate to the controller that the fire generator is 
ready. 

32.9.7 PHI controller 

The PHI controller is responsible for controlling all functions of the PHI block on a line by line basis. It 
controls and synchronizes the sync generator, the fire generator, and datapath unit, as well as signalling 
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J3 



back to the CPU the PHI status. It also contains a line counter to determine when a full page has completed 
printing. 

Reset QR oh! oo outs^i 

\ 

» ^ Reset ~y +- 



<2 



Phi <^Q=a1 



FirstLine 



> 



epagejenjine 
fine st en 1 and 

date tin 1-1 



iine_axjnt - 



^PriirtSterT^ print^rdy-1 



date fln^lAMn 

line counts pare len firm 
One_count- 



SyncWait ^ 



sync_en=i 



St— 1 



data_st= i 
fire_st » i 
8ync_st = 1 



LineTrans 



date fin 1 AfJD 
line count = t 
Bne_count- 



line st=1 AND X 
data fin 1=1 — 



sync_en«l 



Underrun j underrun_error =1 



filfl- 



pagej 



CLastUne J last_llne=i 
y sync_en «1 



Figure 247. PHI controller state machine 

The PHI controller state machine is reset to Reset state by a reset or phi _go _pidse = 1 . 

It will remain in reset until the block is enabled by phi_go — 1 . Once enabled the state machine will jump 
to the FirstLine state, trigger the transfer of one line of data to the printhead (data_st = 1) and the line 
counter will be initialized to the page length (PageLenLine). Once the line is transferred {data Jin from the 
datapath unit) the machine will go to Printstart state and signal the CPU using an interrupt that the PHI is 
ready to begin printing (phijcu_print_rdy). The line counter will also be decremented It will then wait in 
the Printstart state until the CPU acknowledges the print ready signal and enables printing by writing to 
the PrintStart register. 

The state machine proceeds to the SyncWait state and waits for a line start condition (line_st =1). The line 
start condition is different depending on whether the PHI is configured as being in a master or slave 
SoPEC (the PhiMode register). In either case the sync generator determines the correct line start source 
and signals the PHI controller via the line_st signal. Once received the machine proceeds to the LineTrans 
state, with the transition triggering the fire generator to start (fire _st\ the datapath unit to start (data_st) 
and the sync generator to start (sync_st). 
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While in the LineTrans state the fire, sync and datapath unit will be producing line data. When finished 
processing a line the datapath unit will assert the line finished (line Jin) signal. If the line counter is not 
equal to 1 (i.e. not the last line) the state machine will jump back to the SyncWait state and wait for the start 
condition for the next line. The line counter will be decremented. If the line counter is one then the 
machine will proceed to the LastLine state. 

The LastLine state generates one more line of fire pulses to print the last line held in the shift registers of 
the printhead Once complete {fire Jin ==1) the state machine returns to the reset state and waits for the 
next page of data. On page completion the state machine generates a phijcu^page Jinish interrupt to sig- 
nal to the CPU that the page has completed, the phijcu^page Jinish will also cause the Go register to reset 
automatically. 

While the state machine is in the LineTrans state (or in FirstLine state and the PHI is in slave mode) and 
waiting for the datapath unit to complete line processing, it is possible (e.g. an excessive PEP stall) that a 
new line start condition occurs but the datapath unit is not ready. In this case an underrun error is gener- 
ated. The state machine goes to the Underrun state and generates a phi_icu_underrun interrupt to the 
CPU. The PHI cannot recover from a buffer underrun error, the CPU must reset the PEP blocks and re- 
start printing. The phi_icujunderrun will also cause the Go register to reset automatically. 



32.9.8 CPU IO control 



The CPU IO control block is responsible for accepting CPU direct IO control signals from the configura- 
tion registers (atpclk frequency) and transferring them to phicik frequency. It also accepts the input signals 
from the printhead and re-synchronizes them to the pclk domain, and debug signals from the RDU and 
muxes them to output pins. 

Table 161 contains the direct mapping of configuration registers to printhead IO pins. Direct CPU control 
is enabled only when PrintHeadCpuCtrl is set to one. In normal operation (i.e. PrintHeadCpuCtrl «- 0) 
the printhead data pins are always in output mode {phi _ph_data__e = 1), the phijsyncl will be in output if 
the SoPEC is the master, i.e. phijsyncl_e = phi^mode, and readl will be set high. 

The pseudocode for the CPU IO control is: 

if (printhead_cpu_ctrl »= 1) chen // CPU access enabled 
// outputs 

phi_ph_data_o [ 0 ] { 1 : 0 ? « printheacUcpu_out [1:0] 

phi_ph__data_o [ 1 ) { 1 : 0 ] » pr intheadL_cpu_out [3:2] 

phi_lsyncl_o « printhead_cpu_out [4] 

phi_readl = printhead_cpu_out (5J 

pht_erclk[l :0] « printhead_cpu_out (7 : 6] 

phi^f rclk b print head_cpu_out 1 8 ] 

phi_profile = printhead_cpu_out [9] 
// direction control 

phi_ph_data_e [ 0 ] [ 1 : 0] « printhead_cpu_dir [ 1 : 0 J 

phi_ph_data__e { 1 ] 1 1 : 0) = print headLcpu_dir (3:2] 

phi_lsyncl_e « printhead_cpu_dir [4) 
/ / input assignments 

printhead_cpu_in[l : 01 « synchronize <phi_ph_data_i [0] [1:0]) 

printhead_cpu_in [3:2] = synchronize <phi_ph_data_i [ 1 ) [1:0]) 

printheadUcpu__in(5] ■ synchronize (phi_lsyncl_i [ 0] [1 : 0] ) 
else // normal connections 
/ / outputs 

philj>h_data_o(0] [1:0] » ph_data [0] [ 1 :0] 

phi_ph_data_o[l] (1:0) « ph_data [1] (1 :0] 

phi_lsyncl_o = lsync_o 

phr_readl » l 

phi_srclk[l:0] s srclk(l:0] 

Phi_frclk « frclk 

phi_profile « profile 
// direction control 
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phi_ph_data_etO] [1:0] = 0x3 
phi_ph_data_e[l] [1:0] = 0x3 

phi_lsyncl_e = phi_mode // depends on Master or Slave mode 

// inputs 

lsyncl_i = phi_lsync_i // connected regardless 

// debug overrides any other connections 
if <debug_cntrl [0] 1> then 

Phi^frclk » debug_data_out [0] 

phi_readl = pclk 

if (debug_cntrl[l] == 1) then 

phi_profile = debug_data_outCU 

if (debug_cntrl[2] == 1) then 

phi_lsyncl_o = debug_data_out (2 ] 

phi_lsyncl_e = 1 

The debug signalling is controlled by the RDU block (see Section 1 1 .8 Realtime Debug Unit (RDU)), the 
IO control in the PHI muxes debug data onto the PHI pins based on the control signals from the RDU. 
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32.9.9 Datapath Unit 
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Figure 248. Datapath Unit partition 
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32.9.10 Dot order controller 

Reset OR phi oo oulse==i 



Reset ^ 



dot_oider_rdy =1 



C 



data st«=l 
dot_cnt_rst a 1 



mode_sel *» dot_order_mode 



UneStaT) 



mid otf1:0^ll 



Machine remains in same state by default 
AJI outputs are zero unless otherwise stated 

State Description: 

Reset Normal reset state 

Linestart: Start processing first part of the line, wart for 
both mid_pt to be active 

UneMid: Switch over wait state allow pipeline to clear 

LineEnd: Line end processing wait for both fine_fin to be 
active 



C~~~~~~X mode_sei 
UneMid J 0en-«n|O| 



mode_$e* = dot_order_mode 
gen_enJ0J « 0 
gen_en(l j o 0 



fine M1;Q)=1 



K uneEnd ) 



modo_sel ° -(dot_order mode) 
gen_en[0] = mid jjtfOI 
gen_en[l]*mfd_pt{11 



Figure 249. Dot Order controller state diagram 



The dot order controller is responsible for controlling the dot order blocks. It monitors the status of each 
block and determihes the switch over point, at which the connections from odd and even dot streams to 
printhead channels are swapped. 

The machine is reset to the Reset state when phi_go _pulse = 1 or the reset is active. The machine will 
wait until it receives a data_st pulse from the PHI controller before proceeding to the LineStart state. On 
the transition to the LineStart state it will reset the dot counter in each dot order block via the dot_cnt_rst 
signal. 

While in the LineStart state both dot order blocks are enabled (ge/i_en=l). The dot order blocks process 
data until each of them reach their mid point. The mid point of a line is defined by the configured printhead 
size (Le. print _head_size). When a dot order block reaches the mid point it immediately stops processing 
and waits for the remaining dot order block. When both dot order blocks are at the mid point {mid _pt = 
1 1) the controller clocks through the LineMid state to allow the pipeline to empty and immediately goes to 
LineEnd state. 

In the LineEnd state the mode^sel is switched and the dot order blocks re-enabled, in this state the dot 
order blocks are reading data from the opposite LLU dot data stream as in LineStart state. The controller 
remains in the LineEnd state until both dot order blocks have processed a line i.e. line Jin =11. 

On completion of both blocks the controller returns to the Reset state and again awaits the next data_st 
pulse from the PHI controller. When in Reset state the machine signals the PHI controller that it's ready to 
begin processing dot data via the dotjorder_rdy signal. 
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The dot order controller selects which dot streams should feed which printhead channels. The order can be 
changed by configuring the DotOrderMode register. In all cases Channel A and Channel B must be in 
opposing dot order modes. Table 158 shows the possible modes of operation. 



Table 165. Mode selection In Dot order controller. 



IBISES 






mmaasBasmam 


A 


0 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, first half line. 




0 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead, first half line. 




1 


0 


Even before Odd (EBO mode), even dot stream feeds 
Channel A printhead, second half line. 




1 


1 


Odd before Even (OBE mode), odd dot stream feeds 
Channel A printhead, second half line. 


B 


0 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel 8 printhead, second half line 




0 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, second half line. 




1 


0 


Odd before Even (OBE mode), odd dot stream feeds 
Channel B printhead, first half line. 




1 


1 


Even before Odd (EBO mode), even dot stream feeds 
Channel B printhead, first half line. 



32.9. 10. 1 Dot order unit 

The dot order control accepts dot data from either dot stream from the LLU and writes the dot data into the 
dot buffer. It has two modes of operation, odd before even (OBE) and even before odd (EBO). In the OBE 
mode data from the odd stream dot data is accepted first then even, in EBO mode it's vice versa. The mode 
is configurable by the DotOrderMode register. 

The dot order unit maintains a dot count that is decremented each time a new dot is received from the 
LLU. The dot order controller resets the dot counter to the print_headj5ize[15:0] at the start of a new line 
via the dot^cnt^rst signal. The dot count is compared with the printhead size (print_head_pize[15:0] 
divided by 2) to oeteimine the mid point (mid and the line finish point (Jine^fin) when the dot counter 
is zero. 

The mid point is defined as the half the number of dots in a particular printhead, and is given by the 
print \_headjsize bus. 
// define the mid point 

if <dot_cnt(15:0J print_heacUsize[15 : 1) ) then 

mid_pt = 1 
else 

mid _pt = 0 

The dot order unit logic maintains the dot data write pointer. Each time a new dot is written to the dot 
buffer the write pointer is incremented. The fill level of the dot buffer is determined by comparing the read 
and write pointers. The fill level is used to determine when to backpressure the LLU {ready signal) due to 
the dot buffer filling. A suitable threshold value is determined to allow for the full LLU pipeline to empty 
into the dot buffer. 

The dot order stalling control is given by: 

// determine the ready/avail signal to use, based on mode select 
if (mode_sel == 1) then 

dot_active = llu_phi_avail [0] AND ready 

wr_data = llu_phi_data[0] 
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else 

dot_active = 1 1 u_ph i_ava il f 1 ] AND ready 

vr_data = llu_phi_data [ 1 ] 
// update the counters 
if <dot_active 1) then { 

wr_en = l 

wr_adr ++ 

if (dot_cnt »a 0) then 

dot_cnt = print_head_size 
else 

dot_cnt — 

} 

The dot writer needs to determine when to stall the LLU dot data stream. A number of factors could stall 
the dot stream in the LLU such as buffer filling, waiting for the mid point, waiting for the line finish or the 
dot order controller is waiting for the line start condition from the PHI controller. 
The stall logic is given by: 

// determine when to stall the LLU generator 
f ill_level = wr_adr - rd_adr 

if (fill_level > (32 - THRESHOLD ) ) then // THRESHOLD is open value TBD 

ready =0 // buffer is close to full 

els if ( gen_en 0) then 

ready =0 // at alled by the datapath controller 

else 

ready =1 /, everything good no stall 
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32.9.10.2 Data generator 



Reset OR ohi no n.jf*»=i 
\ 

Reset ^ 



<3ata_$enjjn .1 



count* -o 
count 



data m«i 

count • vtOt _pce_toad 



f Q SrclkPre ) 




Machine remains in same state by default 
All outputs are zero unless otherwise stated 
State Description: 
Reset: Normal reset state 
SrclkPre: Count the SrclkPre number of dock cycles 
DataGen: Read Une Dot data from buffer 
MarginQen: Generate DotMargin number of dots 
Src&Post: Wail for SrdkPost number of cycles 



countfcO 
count - 



TMarglnGen ) 



count- sxcfK_post 




Figure 250. Data generator state diagram 

The data generator block reads data from the dot buffer and feeds dot data to the printhcad at a configured 
rate (set by the PrintheodRote). It also generates the margin zero data and aligns the dot data generation to 
the synchronization pulse from the PHI controller. 

The data generator controller waits in Reset state until it receives a line start pulse from the PHI controller 
(dota_st signal). Once a start pulse is received it proceeds to the SrclkPre state loading a counter with the 
SrclkPre value. While in this state it decrements the counter. No data is read or output at this stage. When 
the count is zero the machine proceeds to the DataGen state. 

On transition it loads the counter with the printhead size (printjiead_size). If rnargining is to be used then 
the configured printjieadjsize should be adjusted by the dot margin value i.e. print J\ead_size = 
(physical_printjiead_size - (dot_jnargin * 2)). 

While in DataGen state data is read from the dot buffer and output to the printhead. The counter will dec- 
rement for every dot data word transferred. The exact rate is dictated by the dot buffer fill levels and the 
configured printhead rate (PrintheadRateX 

The generator determines the rate by incrementing a rate counter (rate_cni) while in the DataGen state. 
The rate counter is allowed to wrap normally. If the bit selected by the rate^cnt in the print Jxead_rate bus 
is one data is transferred, otherwise the cycle is skipped. If the PrintHeadRate is set to all zeros then no 
data will ever get transferred. The pseudo-code for the DataGen state is given by: 
// increment the rate count 
rate_cnt •*■+ 

// determine if data should be read 
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// first determine if data is available in buffer 
if (rdLadr != wr_adr ) then 

if <print_head_rate[rate_cnt) == 1 ) then 



1 
1 

rd_data 



do tractive 
gate_srclk 
rd_adr ++ 
dot_data 
count — 
else 

do tractive = 0 
gate_srclk » 0 

else 

do tractive = 0 
gate_srclk o 0 

When the counter reaches zero the state machine will jump to the MarginGen state if the configured mar- 
gin value is non-zero, otherwise it will jump directly to the SrclkPost state. On transition to MarginGen 
state it loads the cycle counter with the dot_margin value, and begins to count down. While in the Margin- 
Gen state the data generator logic block writes dot data to the printhead but does not read from the dot 
buffers. It creates zero dot data words for the margin duration. 

When the counter reaches zero the machine jumps to the SrclkPost state, loads the clock counter with the 
SrclkPost value and decrements. When the count is finished the state machine returns to the Reset and 
awaits the next start pulse. Should a line sync arrive before the data generators have completed (data Jin 
signal) the PHI controller will detect a print error and stall the PHI interface. 



32.9.10.3Data sehalizer 



The data serializer block converts 6-bit dot data at phiclk rates (nominally 1 06 MHz) to 2-bit data at doclk 
rates (nominally 320 MHz). 
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Figure 251. Data serializer timing 



The srclk is only active when data is available for transfer to the printhead, as enabled by the gatejsrclk 
signal, The data rate mechanism in the data generator block will mean that data is not transferred to the 
printhead on every phiclk cycle. Both the dotjiata and gatejsrclk signals are clocked out by the phiclk and 
can only change on the rising of phiclk. 
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The data serializer block allows easy separation of clock gating and clock to logic structures from the rest 
of the PHI interface. All registers in the block are clocked at doclk rates. 



doutate[0fl5:0] . 



dot_data(ip:0] - 



r>> 



phtclk- 
pM_serial_ofder- 



Mux Logic * 



phead_swap- 
gato_srdk(0] - 

gate_$rdkf1] - 
doclk 



dot_datajl:0) 



doLdata[3:2] ^ 



dot_datarS:4t ^ 



X 



mux sei 



Hi 



gate_srdk del 



ph_data(l:0] 



Sate 



► srdk 



Figure 252. Data serializer RTL Diagram 

The mux logic determines which data bits from the dotjiaxa bus should be selected for output on the 
phjtata to the printhead. The selection is dependent on the phiclk edge. 

if (phiclk == 1) then 

mux_sel = 1 
elsif < mux,sel == 2 ) then 

mux_sel = 0 
else 

mux_sel-t-+ 

The dot data serialization order can be configured by PhiSerialOrder register. If the PhiSericdOrder is zero 
the order is dot [ 1:0]. then dot[3:2] then dot[5:4]. If the register is one then the order is dot[5:4J t dot[3:2J t 
dot[l:Q). 
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33 Test Units 



33.1 JTAG INTERFACE 



A standard JTAG (Joint Test Action Group) Interface is included in SoPEC for Bonding and IO testing 
purposes. The JTAG port will provide access to all internal BIST (Built In Self Test) structures. 



33.2 Scan Test I/O 



The SoPEC device will require several test KVs for running scan tests. In general scan in and scan out pins 
will be multiplexed with functional pins. 

33.3 Analog Test Units 

i 

33.3.1 USB PHY Testing 

The USB phy analog macro, will contain built-in in test structure, which can be access by either the CPU 
or through the JTAG port 

33.3.2 Embedded PLL Testing 

The embedded clock generator PLL will require test access from JTAG port. 
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34 SoPEC Pinning and Package 



34.1 Overview 

It is intended that the SoPEC package be a 100 pin LQFR Any spare pins in the package may be used by 
increasing the number of available GPK) pins or adding extra power and ground pin. The pin list shows the 
minimum pin requirement for the SoPEC device. 



Table 168. SoPEC Pin List 





EMM 




mmmmmwrn 


Clocks and reset 


i 






xtalin 


1 


I 


TBD 


N/A 


xtalin 


Crystal Input pin 


xtakxjt 


1 


O 


TBD 


N/A 


xtaJout 


Crystal output pin 


re$eL_n 


1 




LV 1 1L 


2.5V 


reset_n 


Asynchronous active tow reset 






ph_data[0J{0J 


2 


o 


LVDS 


3.3v 


phLprudata_o{OJ[0] 


Dot data lor colors 0-2 tor Printhead 0. 
Using differential signalling 






1 


LVTTL 


3.3v 


phij)ri_data_CO] 


Input mode bit used for nozzfe test 
result printhead 0 


ph_data[0][1] 


2 


o 


LVDS 


3.3v 


phi_ph_data_o[0][ij 


Dot data for colors 3-5 for Printhead 0. 
Using differential signalling 






1 


LVTTL 


3 3v 


phU>h_data_|1] 


Input mode bit used for temperature 
data printhead 0 


ph_data(1][0] 


2 


o 


LVDS 


3.3V 


phl - ptudala_oIlMO] 


Dot data tor colors 0-2 for Printhead 1 . 
Using differential signaHlng 






1 


LVTTL 


3.3v 


phl_ph_data^t[1] 


Input mode bit used for nozzle test 
result printhead 1 


prudata(1Ki] 


2 


o 


LVDS 


3.3v 


pW_ph_data_o(1][1] 


Dot data tor colors 3-5 for Printhead 1 . 
Using differential signalling 






1 


LVTTL 


3.3v 


phU^dataJp) 


Input mode bit used for temperature 
data printhead 1 


srcfl<0] 


2 


o 


LVDS 


3.3v 


phLsrcftfOl 


Differential dot data shift dock tor print 
headO 


ercfkp) 


2 


o 


LVDS 


3.3v 


pM_srcik(1] 


Differential dot data shift dock tor print 
head 1 


reacfl 


1 


o 


LVTTL 


3.3v 


phl_readl 


Common Print head mode control 


frcik 


1 


o 


LVTTL 


3.3v 


phijfrdk 


Common Fire pattern shift dock, needs 
to toggle once per fire cycle 


profile 


1 


o 


LVTTL 


3.3v 


phi_profHe 


Common Pulse profile for an colors 


byncf 


1 


o 


LVTTL 


3.3V 


phi_lsyncLo 


Line Sync output from Master to Slaves 






1 


LVTTL 


3.3v 


phUsyncU 


Line Sync input to Staves from Master 


USB Connections 






usbd 


2 


I/O 


Differen- 
tial 


3.3v 


Direct Phy Connection 


USB differential data 


JTAQ 






tdo 


1 


o 


CMOS 


2.5v 


tdo 


JTAG Test data out port 


tms 


1 


1 


CMOS 


2.5v 


tms 


JTAG Test mode select 


tdl 


1 




CMOS 


2.5v 


tdJ 


JTAG Test data in port 


tck 


1 


1 


CMOS 


2.5v 


tck 


JTAG Test access port clock 


Genera! Purpose IO 
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Table 166. SoPEC Pin List 















0Pio(3:0J 


4 


O 


CMOS 


2.5v 


0pio_o{3:0J 


Motor control pJns / general purpose 
Output 






1 


CMOS 


2.5v 


gpto^3:0] 


General purpose Input 


5Pfo{7:4I 


4 


0 


High 
Drive 
CMOS 


2.5v 


9P»_of7:4] 


LED driver pins / general purpose Out- 
put 








CMOS 


2.5v 


gpioJ[7:4) 


General purpose Input 




4 


o 


Open col- 
lector 


2.5v 


gplo_o[11:8] 


LSS interface pins / general purpose 
Output 








CMOS 


2.5v 


gpk)_l[11:8l 


LSS interface pins / general purpose 
Input 


gpio[l3:l2] 


2 


o 


CMOS 


2.5v 


gplo_o{13:12] 


ISI Interface pins / general purpose 
Output 






1 


CMOS 


2.5v 


gpJoJI13:12J 


ISI interface pins / general purpose 
Input | 


Test Pins 










test_enabte 


1 


1 


CMOS 


2.5v 


TBD 


Test Enable 


gene neatest 


5 


I/O 


CMOS 


2.5v 


TBD 


Generic test pin, function undefined 


Total Signal 
Pins 


45 
















Power Pins 








gnd 


18 


1 


Power 


N/A 


gnd 


gnd 


vdd 


10 


1 


Power 


N/A 


vdd 


vdd l.5v. core voltage 


vdd250 


3 


1 


Power 


N/A 


vdd250 


vdd 2.5v. IO vottage 




S 




Power 


N/A 


vdd330 \ 


vdd 3.3v, IO voltage 


Total Pins 


81 
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35 Memjet Printhead 

This section is quoted verbatim from SoPEC/MoPEC Bilithic Printhead Reference document [10]. 

35.1 Background 

Silverbrook's bilithic Memjet™ printheads are the target printheads for printing systems which will be 
controlled by SoPEC and MoPEC devices. 

This document presents the format and structure of these printheads, and describes the their possible 
arrangements in the target systems. It also defines a set of terms used to differentiate between the types of 
printheads and the systems which use them. 

35.2 Companion Documents 

Currently, this document is only concerned with the structure of the printheads and their systems, with 
regard to the way in which dot data is loaded. 

Refer to the Bilithic Printhead Specification [2] for the complete description of the functionality of these 
devices. 

This document relies on certain definitions and details presented in Bilithic Printhead Specification [2]. 

35.3 Definitions 

This document presents terminology and definitions used to describe the bilithic printhead systems. These 
terms and definitions are as follows: 

• Printhead Type - There are 3 parameters which define the type of printhead used in a system: 

• Direction of the data flow through the printhead (clockwise or anti-clockwise, with the printhead 

shooting ink down onto the page). 

• Location of the left-most dot (upper row or lower row, with respect to V+ ). 

• Printhead footprint (type A or type B, characterized by the data pin being on the left or the right of 

where K + is at the top of the printhead). 

• Printhead Arrangement - Even though there are 8 printhead types, each arrangement has to use a spe- 

cific pairing of printheads, as discussed in Section 35.4. This gives 4 pairs of printheads. However, 
because the paper can flow in either direction with respect to the printheads, there are a total of eight 
possible arrangements, e.g. Arrangement 1 has a Type 0 printhead on the left with respect to the 
paper flow, and a Type 1 printhead on the right Arrangement 2 uses the same printhead pair as 
Arrangement 1, but the paper flows in the opposite direction. 

• Color Q is always the first color plane encountered by the paper. 

• Dot 0 is defined as the nozzle which can print a dot in the left-most side of the page. 

• The Even Plane of a color corresponds to the row of nozzles that prints dot 0. 

Note that throughout this document, where the various printheads and systems are presented, the print- 
heads always shoot ink down onto the page. 

Figure 253 shows the 8 different possible printhead types. Type 0 is identical to the Right Printhead pre- 
sented in Figure 3 in [2], and Type 1 is the same as the Left Printhead as defined in [2]. 
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While theprintheads shown in Figure 253 look to be of equal width (having the same number of nozzles) it 
is important to remember that in a typical system, a pair of unequal sized printheads may be used. 
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Figure 253, Printhead Types 0 to 7 

Table 167 defines the printhead pairing and location of the each printhead type, with respect to the flow of 
paper, for the 8 possible arrangements 

Table 167. Definition of the different printhead arrangements 
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35.4 Biuthic Printhead Systems 

When using the bilithic printheads, the position of the power/gnd bars coupled with the physical footprint 
of the printheads mean that we must use a specific pairing of printheads together for printing on the same 
side of an A4 (or wider) page, e.g. we must always use a Type 0 printhead with a Type 1 printhead etc. 

While a given printing system can use any one of the eight possible arrangements of printheads, this docu- 
ment only presents two of them, Arrangement 1 and Arrangement 2, for purposes of illustration. These 
two arrangements are discussed in subsequent sections of this document. However, the other 6 possibilities 
also need to be considered. 

The main difference between the two printhead arrangements discussed in this document is the direction 
of the paper flow. Because of this, the dot data has to be loaded differently in Arrangement 1 compared to 
Arrangement 2, in order to render the page correctly. 



35.4.1 Example 1: Printhead Arrangement 1 

Figure 254 shows an Arrangement 1 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 0 printhead is on the left with respect to the direction of the paper flow. 

• The Type 1 printhead is oh the right. 
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Type 0 Printhead 



Type 1 Printhead 




Gnd 



The printheads are facing downwards. 
The ink is being shot down onto the pace Direction 

* of Paper Flow 



Figure 254. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 1 

Table 168 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color O-dot 0 appears on the left side of the printed page. 



Table 168. Order tn which the even and odd dots are loaded for printhead Arrangement 1 
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Figure 255 shows how the dot data is demultiplexed within the printheads. 
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Figure 255. Demultiplexing of data within the printheads in Arrangement 1 

Figure 256 and Figure 257 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 1 a to ensure that color O-dot 0 appears on the left side of the printed page. 
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Figure 256. Signalling for a Type 0 printhead in Arrangement 1 
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Rgure 257. Signalling for a Type 1 printhead in Arrangement 1 



35.4.2 Example 2: Printhead Arrangement 2 

Figure 258 shows an Arrangement 2 printing setup, where the bilithic printheads are arranged as follows: 

• The Type 1 printhead is on the left with respect to the direction of the paper flow. 

• The Type 0 printhead is on the right. 
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The printheads are facing downwards. 
The ink is being shot down onto the page. 
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Figure 258. Identification of printheads nozzles and shift-register sequences for printheads in 

Arrangement 2 

Table 169 lists the order in which the dot data needs to be loaded into the above printhead system, to 
ensure color 0-dot 0 appears on the left side of the printed page. 

Table 169. Order In which the even and odd dots are loaded for printhead Arrangement 2 
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Figure 259 shows how the dot data is demultiplexed within the printheads. 
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Figure 259. Demultiplexing of data within the printheads in Arrangement 2 



Figure 260 and Figure 261 show the way in which the dot data needs to be loaded into the printheads in 
Arrangement 2, to ensure that color 0-dot 0 appears on the left side of the printed page. 
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Figure 260. Signalling for a Type 0 printhead in Arrangement 2 
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Figure 261. Signalling for a Type 1 printhead in Arrangement 2 

35.4.3 Conclusions 

Comparing the signalling diagrams for Arrangement 1 with those shown for Arrangement 2, it can be seen 
that the color/dot sequence output for a printhead type in Arrangement 1 is the reverse of the sequence for 
same printhead in Arrangement 2 in terms of the order in which the color plane data is output, as well as 
whether even or odd data is output first. However, the order within a color plane remains the same, i.e. odd 
descending, even ascending. 

From Figure 262 and Table 1 70, it can be seen that the plane which has to be loaded first (i.e. even or odd) 
depends on the arrangement. Also, the order in which the dots have to be loaded (e.g. even ascending or 
descending etc.) is dependent on the arrangement 
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If the device controlling the printheads can re-order the bits according to the following criteria, then it 
should be able to operate in all the possible printhead arrangements: 

• Be able to output the even or odd plane first. 

• Be able to output even and odd planes in either ascending or descending order, independently. 

• Be able to reverse the sequence in which the color planes of a single dot are output to the printhead. 



CWor« 

Hmmmi m 




Cetor ■ 


V 


tt 






Paper 




«♦ Arrangement 3 v* 


,4nn " y 1 


:?*£ 






1 1 






Paper 




^* Arrangement 5 




V 


ft 






Paper 




y Arrangement 7 


m 

Cdiri 






V 


tt 


. ^ .... 




Paper 





Arrangement 2 



Arrangement 6 



Paper 

TT 



"5 V 

Arrangement 8 



Paper 



TT 



* — T 

Figure 262. All 8 Printhead Arrangements 
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Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 
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Odd descending loaded second 
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Table 170. Order in which even and odd dots and planes are loaded into the various printhead 
arrangements 
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